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Abstract 
Rapid and reliable diagnostics of a disease represents one of the main focuses 
of today’s academic and industrial research in the development of new sensor 
prototypes and improvement of existing technologies. With respect to 
demographic changes and inhomogeneous distribution of the clinical facilities 
worldwide, especially in rural regions, a new generation of miniaturized 
biosensors is highly demanded offering an easy deliverability, low costs and 
sample preparation and simple usage. This work focuses on the integration of 
nanosized electronic structures for high-specific sensing applications into 
adequate microfluidic structures for sample delivery and liquid manipulation. 
Based on the conjunction of these two technologies, two novel sensor platforms 
were prototyped, both allowing label-free and optics-less electrochemical 
detection ranging from molecular species to eukaryotic micron-sized human cells. 
In the first part of the work, silicon nanowire field effect transistors (SiNW FET) 
were integrated into emulsion-based microfluidic structures for label-free and 
optics-less sensing of nanoliters droplets, guided over a SiNW FET geometry. 
These sensors demonstrated significant differences in their conductance, while 
being exposed to the flow of alternating liquid phases with different electrical 
properties, e.g. conductivities and dielectric constants. Further, the platform 
showed significant sensitivity towards aqueous droplets in the range of 
physiological pH values from 4-8 as well as towards ionic concentrations of the 
surrounding buffer solution over three magnitudes. Finally, the kinetics of a 
chemical reaction, namely oxidation of glucose by glucose oxidase, was tracked 
in microfluidic droplets based on the accompanied pH drop during the reaction. 
In the second part of the work, the fabrication of a sensing platform is 
demonstrated from scratch for label-free detection of micron-sized biospecies on 
chip scale. Interdigitating gold nanowire arrays were integrated into a microfluidic 
hydrodynamic focusing geometry, which allowed guidance of the analyte liquid 
directly to the nanowire geometry. Based on the methodology of electrical 
impedance cytometry (EIC), alterations of the device’s impedance were tracked 
when an analyte enters the area of influence of its electric field. Here, by 
introduction of a new element (the analyte) into the equivalent circuit of the 
system, its dielectric properties and self-impedance can be tracked dependent on 
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its membrane configuration and size. Here, successful electrochemical and label-
free differentiation of human peripheral blood mononuclear cells (PBMCs) from 
healthy donors and donors with acute myeloid leukemia (AML) is demonstrated. 
Finally, the novel sensor platform’s detection limit was explored by analysis of 
various bacteria strains.  
In conclusion, the developed sensor platforms in this work contribute to an 
alternative miniaturized and automated strategy of established state-of-the-art 
methodologies for diagnostics of diseases. Here, without the use of secondary 
optical label compounds, sensitive detection of analytes ranging from the 
molecular level to micron-sized biospecies was successfully demonstrated on a 
pure electrical detection mode using nanosized detection elements. 
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Kurzfassung 
Rasche und zuverlässige biologische Krankheitsdiagnostik repräsentiert eines 
der Hauptfokusse heutiger akademischer und industrieller Forschung in der 
Entwicklung neuer Sensor-Prototypen und Verbesserung existierender 
Technologien. In bezug auf weltweite demographische Änderungen und hohe 
Distanzen zu Kliniken, besonders in ländlichen Gegenden, werden zusätzliche 
Anfordungen an neue miniaturisierte Biosensor-Generationen gestellt, wie zum 
Beispiel ihre Transportfähigkeit, geringe Kosten und Probenpräparation, sowie 
einfache Handhabung. Diese Dissertation beschäftigt sich mit der Integration 
nanoskalierter Strukturen zur Detektion chemischer und biologischer Spezies 
und mikrofluidischen Kanälen zu deren Transport und zur Manipulation der 
Ströme. Basierend auf der Verbindung dieser beiden Technologien wurden zwei 
Sensor-Plattformen entwickelt, die eine markierungsfreie und nicht-optische 
elektrische Detektion von Molekülen bis zu eukaryotischen menschlichen Zellen 
erlauben.  
Der erste Teil dieser Arbeit widmet sich der Integration von Silizium-Nanodraht 
Feld-Effekt-Transistoren (SiNW FET) in emulsions-basierte mikrofluidische 
Strukturen zur markierungsfreien und optisch-freien Detektion von Tropfen im 
Bereich von wenigen Nanolitern, die über die SiNW FET Struktur geführt werden. 
Die genutzten SiNW FETs zeigten signifikante Unterschiede in ihrer Leitfähigkeit 
in Abhängigkeit der alternierenden Phasen, basierend auf ihren 
unterschiedlichen elektrischen Eigenschaften. Zudem zeigte die Sensor-
Plattform Sensitivität gegenüber wässrigen Tropfen mit physiologisch-relevanten 
pH-Werten (von pH-Werten zwischen 4 bis 8) und ionischen Konzentrationen 
über drei Größenordnungen. Zuletzt wurde die Kinetik einer chemischen 
Reaktion, nämlich der Oxidation von Glukose mittels Glukose-Oxidase, in 
mikrofluidischen Tropfen beobachtet, da während der Reaktion der pH-Wert 
durch Bildung von Glukonsäure verringert wird. Der zweite Teil der Arbeit 
beschäftigt sich mit der Herstellung einer Impedanz-basierender 
Detektionsplattform für markierungsfreie Detektion von Bio-Spezies in der 
Mikrometer-Dimension auf Chip-Ebene. Ineinandergreifende Gold-Nanodraht 
Anordnungen wurden in eine mikrofluidische hydrodynamische 
Fokussierungsstruktur integriert, welche eine Führung des Analyten direkt auf die 
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Detektionsstruktur erlaubte. Basierend auf der Methodik der elektrischen 
Impedanz-Durchflusszytometrie (EIC), konnten Unterschiede der Sensor-
Impedanz gemessen werden, welche durch die Anwesenheit des Analyten im 
Einwirkungsbereich des elektrischen Feld induziert wurde. Durch die Einführung 
des neuen Elements (des Analyten) in das Ersatzschaltbild des elektrischen 
Systems konnte die Eigenimpedanz sowie die dielektrische Eigenschaften des 
Analyten beobachtet werden, welche abhängig von seiner 
Oberflächenkonfiguration und Größe waren. Es wurde erfolgreich eine 
markierungsfreie und nicht-optische Differenzierung von peripheren 
mononukleären Blutzellen (PBMCs) von gesunden Spendern und einer 
Spenderin, bei welcher akute myeloidischer Leukämie (AML) diagnostiziert 
wurde, durchgeführt. Zuletzt wurde das Detektionslimit der Sensor-Plattform 
mittels Detektion  und Analyse verschiedener Bakterienstämme erforscht. 
In Zusammenfassung können die entwickelten Sensor-Platformen zu einer 
minaturisierten und automatisierten Alternative für etablierte und hochmoderne 
Methodiken der Krankheitsdetektion beitragen. Sensitive Detektion von Analyten 
vom molekularen Level bis zu Biospezies im Mikrometer-Bereich, konnten 
erfolgreich ohne die Benutzung optischer Markierungsverbindungen rein 
elektrisch mittels nanodimensionierter Detektionselementen erfasst werden. 
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1   Introduction 
1.1 Motivation 
Current demographic changes with a population percentage of 13% over 60 
years in 2017 worldwide1 and 22% over 65 years in Germany2, low access to 
medical facilities in rural regions and developing countries, as well as costly and 
stationary devices for clinical diagnostics and treatment, lead to a high demand 
for portable, easy-to-use and cheap devices as well as sensors for treatment of 
patients on regular basis and in emergency situations. Here, the utilization of 
miniaturized diagnostic tools and first aid devices, applicable even by untrained 
personals, can lead to higher survival rates in emergency situations by immediate 
treatment on spot3. Additionally, they are able to improve life quality of e.g. long-
term patients treated from their homes by in vivo observation of various 
treatment-related parameters. For instance, miniaturized chip devices, wirelessly 
connected to the doctor’s computer can collect and transfer various health- and 
disease-indicating parameters in real-time for direct analysis without any 
temporal or spacial delay by the medical personnel4,5. Especially for elderly 
persons under clinical observation, the need of routine visits during their 
treatment can be replaced via online diagnostics and thus avoid the strong 
physical strain of traveling to the hospital or doctor’s office. Further, miniature and 
cheap devices also lead to a faster and cheaper detection of diseases, making 
an adequate diagnosis and treatment possible for people with lower income. 
Here, the glucose blood sensor for people diagnosed with diabetes mellitus 
represents most prominent example. Starting from impractical manual needle 
stinging and ex vivo measuring of the glucose level, so called “flash glucose 
monitoring” device are available nowadays, allowing permanent, painless and 
user-friendly recording and analysis of the glucose level in vivo6. Last but not 
least, the installation of miniaturized sensors in buildings and streets which able 
to detect harmful liquids or gaseous substances that can greatly contribute to 
societal safety7,8. In the respective field of research, the field of biosensors, the 
ultimate goal represents the development of transferring conventional laboratory 
techniques to a small scale integrated solution on a single chip device. Here, the 
introduction of several methodologies, e.g. electrochemical sensing structures 
and microfluidics, opens the path for an automated and highly sensitive sensing 
1   Introduction 
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platform, usable even by untrained persons9. Further, the spatial integration of an 
analyte delivery systems (e.g. microfluidics)10, its recognition structure (receptor) 
and a platform for signal transfer into an electrical signal (transducer), makes the 
device portable11,12. In order to push real-time diagnostic sensorics to the new 
generation, both selectivity and sensitivity to molecules and pro- and eukaryotic 
cells at very low concentrations in complex media (e.g. blood, saliva, and urine) 
has to be improved to guarantee early detection of diseases like cancer or 
bacterial and viral infections, without the use of bulky devices and trained 
personnel13. Further, the new generation of diagnostic chips has to be able to 
detect multiple parameters simultaneously in order so screen for multiple disease 
indicators and analytes14,15. Here, the miniaturization concept of nanotechnology 
comes into play, since it grants down-scaling of sensing structures and thus 
boosts the number of sensors on one chip. Driven by the semiconductor industry, 
electronic building blocks can be scaled down to feature sizes down to 5 nm on 
large scale16, which can be additionally utilized as sensor elements, e.g. field 
effect transistors (FETs) and capacitors. In the scientific community, nanosized 
biosensorics gained greatly attention during the last decade offering miniaturized 
sensors able to detect even single molecules17. In the following chapter, the latest 
accomplishments in these research areas are presented. 
1.2 State of the art 
The current generation of sensors is mainly based on nanostructures since they 
offer higher sensitivity due to the high surface-to-volume ratio of sensing 
elements as well as low background noise due to ballistic electron transport. In 
detail, semiconducting (e.g. silicon nanowires) and metallic (e.g. gold nanowires) 
nanostructures are prominent examples for materials settled in the focus of 
research in biosensorics due to their excellent electrical properties for biosensing 
applications, i.e. in FET and impedance setups, respectively18,19. A detailed 
description about the transition from the microdimension to the nanodimension 
with respect to the sensing geometry will be explained in Chapter 2.1.  In the 
following, the current state-of-the-art achievements from the last decades of 
i) Silicon Nanowire FETs  
ii) Impedance Sensing 
are presented. 
1   Introduction 
3 
 
The utilization of silicon nanowire field effect transistors (SiNW FETs) plays a 
central role as essential detection element in current research of biosensorics 
since the first decade of the 2000s. During this time, the work group of Charles 
Lieber demonstrated the excellent electrical characteristics, namely their mobility 
and transconductance, of SiNW FETs for their usage in nanoelectronics and 
label-free biosensing purposes20–23. Due to their close relation to industrial-
relevant technology, both their electrical responses and geometry optimizations 
allow high signal-to-noise ratio and stable signal responses over time, making 
them perfect for investigations with respect to biosensing24–26. In this, detection 
of biomolecules and biospecies became possible at ultra-low analyte 
concentration based on their highly-specific interaction on the semiconductor 
surface by e.g. immobilized antibodies or aptamers, thereby changing the 
channel conductance of the FET27. In the last decades, a high amount of excellent 
works has been published, demonstrating the utilization of SiNW FETs as label-
free sensing platform. In the following, the achievements during the last years are 
presented. 
Table 1: Authors, year of publication and the detected biological species of state-of-the-art 
achievements of SiNW FET sensing during the last decades 
Authors 
Year of 
Publication 
Detected species 
Detection 
Limit 
Shehada et. al.28 2015 
Volatile organic 
compounds  
5ppb 
Sivakumarasamy et. 
al.29 
2018 Various ion species µM range 
Kim et. al.30 2007 Prostate specific antigen  30 aM 
Puppo et. al.31 2014 Rabbit antigen interaction 5 fM 
Presnova et. al.32 2017 Prostate specific antigen 0.7 fM 
Nuzaihan et. al.33 2016 DNA-DNA hybridization 10 fM 
Hahm et. al.34 2004 PNA-DNA hybridization 10 fM 
 
In 2015, Shehada et. al.28 demonstrated detection of gaseous volatile organic 
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compounds (VOCs) at ultra-low concentrations down to 5ppb using SiNW FETs. 
Here, special silane coating of the nanowires allowed discrimination between 
VOCs originated from environment and VOCs in the exhaled breaths from gastric 
cancer patients. Very recently in early 2018, the utilization of a SiNW FET as a 
selective ion-sensor has been demonstrated, able to sense various ion 
concentrations in a complex medium. Here, the transistor represented a single 
nanowire transistor with only 30 nm x 40 nm in dimension, therefore referred as 
“0D-transistor”. This geometry allowed different sensitivity towards ions in 
complex solutions, namely Na+, K+, Ca2+ and Mg2+, without any signal influence 
based on the pH value of the solution. Despite the relative high detected ionic 
concentrations (in range of micromolarities), simultaneous label-free detection of 
single ions in mixed solution was presented the first time29. Furthermore, SiNW 
FETs are widely used for detection of biomarkers, e.g. proteins and enzymes. 
Kim and co-workers30 demonstrated ultra-sensitive detection of prostate specific 
antigen (PSA) using SiNW FETs with a detection limit of 30aM. Here, the 
nanowires where equipped with anti-PSA, a highly-specific antibody for PSA, 
immobilized by standard silane chemistry. Here, binding of PSA to anti-PSA led 
to significant alterations in the conductivity of the FET even at ultra-low 
concentrations. While this experiment was carried out in defined medium (namely 
phosphate-buffered saline (PBS) buffer), high selectivity and sensitivity of SiNW 
FETs in complex medium has been successfully demonstrated. Here, Puppo and 
co-workers31 demonstrated femto-molar sensitivity towards artificially introduced 
rabbit antigen molecules in human breast tumor extract. Additionally, the 
sensitivity of SiNW FET can be increased by utilization of a hybrid strategy, 
namely the equipment of the nanowires with metallic nanoparticles. Presnova et. 
al.32 demonstrated in 2017 that immobilization of 5 nm gold nanoparticles on the 
nanowires leads to higher pH sensitivity and electric performance of the transistor 
devices. Here, the antibodies for detection were immobilized directly on the gold 
nanoparticles via thiol-groups. Doing so, their device was able to sense 
concentrations of down to 0.7 fM. Another strategy of enhancement of SiNW FET 
sensitivity was developed by Regonda et. al. in 201335. Here, instead of 
nanochannel or nanowire geometries, they introduced silicon nanograting 
structures, able to increase the device’s electrical performance including single 
variations between devices, higher on/off ratio and higher current. Next to 
gaseous, ionic and protein-sensing, SiNW FET are also capable of detecting 
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short DNA or peptide nuclear acid (PNA) chains, an artificially created DNA-
analogue, where the sugar-phosphate backbone is replaced with a pseudo-lipid. 
Here, the detection is based on the self-organized binding of single DNA (ssDNA) 
strains to its complimentary chain, covalently bound to the semiconductor 
surface. Nuzaihan et. al33 demonstrated in 2016, that conventional SiNW FETs 
are capable to sense the binding of ssDNA to its complimentary strain in liquid 
environment, bound to the nanowire surface. In this, changes in their drain 
current, electrical conductance and resistance was observed upon ssDNA 
binding. The detected ssDNA only consisted of 27 pairs of nucleotides and could 
be detected down to a detection limit of 10 fM. Applying the same binding strategy, 
Hahm and Lieber19 were able to distinguish wild type and mutant PNA chains 
based on successful and unsuccessful binding of the PNA polymer to the 
receptor-PNA. Till now, detection of analytes was either carried out by solution 
dropping on the sensor or in microfluidic single-phase, i.e. delivery sample to the 
sensor via single microfluidic channels, containing only one type of liquid. Till now, 
there are no reported results on SiNW FET responses using multiple phases of 
liquids. 
Next to the SiNW FET methodology, where conductance changes are the 
measured parameter, electric capacitive structures can be utilized to measure 
modifications at surfaces or in the chemical environment. In this, adhering or 
growing microorganisms or induced changes of surface properties are tracked by 
application of an AC voltage over a range of frequencies, called electrical 
impedance spectroscopy (EIS)36,37. Further, in the last decades, the throughput 
of this technique was dramatically improved by fixing the frequency to distinct 
values and using microfluidic channels for dynamic sample delivery. Here, the 
detection is based on the modulation of the impedance of the system based on 
the dielectric properties of the passing analyte, mimicking the conventional flow 
cytometry methodology and thus called electrical impedance cytometry (EIC)38,39. 
The methodology of impedance cytometry and their maturation towards a 
functional biosensor will be discussed in detail in Chapter 2.3. In the following, 
latest achievements and the current state-of-the-art results in this field are 
presented. 
In electrical impedance cytometry, recent results report on successful detection 
of several kinds of inorganic micron-sized compounds and biological species 
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during the last decade. In 2009, Holmes and co-workers40 demonstrated analysis 
of leukocytes, or white blood cells, using a microelectronic EIC setup combined 
with an integrated fluorescent double detection. Here, the cells were guided 
through a thin microfluidic channel equipped with two pairs of opposing 
microelectrodes, independently actuated at different AC signal frequencies. 
Additionally, the analyte stream was confined in the middle of the main channel 
by two co-flowing parallel liquid streams. The double detection at different 
frequencies allowed isolation of inner analyte parameters, i.e. its membrane 
capacitance and cytoplasmic conductivity. These characteristics are captured by 
the division of the cell’s impedance at different frequencies, called “opacity”. 
Based on this strategy, differentiation of leukocytes, namely monocytes, 
neutrophils and lymphocytes was successfully demonstrated. One year later, the 
setup was further improved by Holmes et. al.41 by introduction of cell specific 
antibody-conjugated beads which alter the electrical properties of the respective 
cell type. By specifically modifying a distinct subpopulation of the leukocyte 
population, the T-lymphocytes, their identification in whole human blood was 
successfully demonstrated. In the field of human blood analysis by EIC, Han and 
co-workers42 demonstrated a combined EIC setup and cell lysis geometry later 
in the year 2011. Here, human whole blood was initially purified from its 
erythrocyte population by application of a special lysis buffer protocol in 
microfluidic environment, followed by detection of the various subfamilies of 
leukocytes, comparable with the previous approach using a double detection and 
the opacity of the measured impedances. By comparison with hospital cell 
counts, the characterization of the used blood samples was in good agreement. 
Furthermore, EIC was utilized for differentiation and identification of micron-sized 
single cell organisms. For instance, Haandbæk and co-workers43 demonstrated 
successful differentiation of the genotype of yeast cells by EIC. Here, two pairs 
parallel facing microelectrodes were utilized to detect single yeast cells in a 
confined liquid stream in a microfluidic channel. By application of high-frequency 
signals around 250  MHz, probing of the subcellular morphology became possible, 
successfully describing differentiation of wild type and mutant yeast cells. In 
addition, they demonstrated later in 2016 their sensor’s sensitivity not solely on 
the analyte’s genotype, but also its phenotype. In this, yeast cells replicate 
themselves by formation of budding cells, attached to the parent cell during DNA 
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replication. In this, the presence and the orientation of the budding cell, when the 
parent cell is passing the sensor, gave rise to distinguishable impedance signals 
of the sensor, proved by a double detection using image capturing by a high-
speed camera44. Furthermore, in the spirit of single-cell detection using EIC, 
detection of parasitic protozoa based on species and viability was demonstrated 
in early 201745.  
Finally, in the year 2017, Chiu and co-workers46 successfully detected several 
species of circulating tumor cells (CTCs), namely haptic, oral and lung CTCs. 
Basically describing a Coulter Counter (see Chapter 2.3.2), the cells are pushed 
through a thin microfluidic constriction tube, while the impedance is measured in 
liquid by electrodes prior and after the orifice. Finally, even maturation of 
mesenchymal stem cells and their abundance compared to their adult cells, the 
osteoblasts, in dependence of the time has been demonstrated47. In the following 
table, a short overview of latest achievements in the research field of the 
impedance cytometry can be seen. 
Table 2: Authors, year of publication and the detected biological species of state-of-the-art 
achievements of impedance cytometry during the last decade 
Authors Year of Publication Detected species 
Holmes et. al.40 2015 Leukocyte sub-populations 
Haanbaek et. al.44 2016 Single yeast cells 
McGrath et. al.45 2017 Parasitic protozoa 
Chiu et. al.46 2017 Circulating cancer cells 
Song et. al47 2016 Mesenchymal stem cells 
 
1.3 Scope of this thesis 
The main goal of this work is dedicated to the development and technical 
improvement of nanoscaled sensing platforms for various types of analytes 
ranging from molecules to whole cells. Depending on the appearance of the 
analyte of interest, two main approaches were considered including prototyping, 
evaluation and optimizing of technological efforts in SiNW FET and EIC biological 
and chemical sensing. 
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The aim of this work is organized into two main parts, where the first part deals 
with the integration of droplet microfluidics in FET technology. Till now, there are 
no investigations in this direction and detection of various analytes was either 
carried out by pipetting liquid drops on the sensor area or delivery of analyte liquid 
using microfluidic single phase liquids. Here, the separation of analyte solution 
into distinct nanoliter regimes opens the route towards higher sensitivity to 
analytes at low concentration by minimization of interactions of dispersed liquid 
to channel walls (due to channel wetting of the continuous phase) and related 
contaminations. Second, changes in the liquid environment, e.g. molar 
concentrations of ions or pH value changes induced by chemical reactions, 
become traceable by dramatically decrease of the analyzed volume. Third, in the 
spirit of miniaturization and automatization, droplet microfluidics is an excellent 
tool to detect analytes in ultra-small volumes, mimicking several working steps in 
the laboratory by droplet fusion, incubation and splitting at ultra-high throughput. 
Finally, up to now, microfluidic droplets are mainly detected using optical 
detection schemes, e.g. by fluorescence, and therefore require bulky detection 
devices which can lead to possible false analysis by introduction of secondary 
detection molecules48–51. Combination of SiNW FETs and droplet microfluidics 
opens the route towards label-free sensing of miniaturized droplet environments. 
Further, EIC has been proven to evolve into a miniaturized version of 
conventional flow cytometry without the need of bulky devices and labeling, while 
reducing costs and effort in this field. Here, no investigation towards 
nanogeometries as sensing element has been made till now. The replacement of 
microelectrodes with nanoelectrodes allows to boost the sensitivity of EIC 
devices to a new level, making it competitive to state-of-the-art laboratory 
biological and biomedical techniques and assays. The second part of this work is 
dedicated to develop a novel prototype of a chip suitable for EIC using 
nanosensing elements. After the introduction, the thesis is composed of 5 
chapters: 
The 2nd chapter will cover the theoretical background of the methodologies of 
semiconducting electrical building blocks, metallic capacitive sensing and 
microfluidics for better understanding of the following chapters. Here, the focus 
will be on the working mechanism of MOSFETs (metal-oxide-semiconductor field 
effect transistor) and ISFETs (ion-sensitive field effect transistor) and the 
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reduction of the sensing area from the micro- to the nanodimension. For metallic 
capacitive sensing, the chapter will demonstrate basic definitions and application 
towards biosensing. The main focus is set on the development of EIC devices. 
Further, an introduction to biologically and medical relevant physical and 
chemical sensing parameters, related to this work, are presented. 
The 3rd chapter will cover the experimental procedures and protocols for the 
development of the novel sensor platforms, mainly focusing on surface patterning 
for fabrication of nanowires and microelectrodes. Additionally, it explains the 
concept of the various laboratory fabrication techniques of micropatterns for 
microfluidic integration into channel geometries. 
The 4th chapter demonstrates the results on the conjunction of SiNW FET and 
droplet microfluidic technology. After demonstrating the proof-of-principle working 
mechanism using aqueous water droplet at different sizes and velocities, special 
attention is dedicated to the usage as a biosensor, namely its sensitivity towards 
pH values and various molar concentrations of passing droplets. The highlight of 
this work shows the successful demonstration of a label-free tracing of a chemical 
reaction of passing droplets on the sensor. 
The 5th chapter is dedicated to the prototyping of a novel nanowire based sensor 
platform for EIC from scratch. Firstly, theoretical simulations using COMSOL 
Multiphysics® are presented to determine optimal nanowire geometries, their 
assembly and working conditions. Following, the strategy for fabrication is 
presented using electron beam lithography (EBL) and optical lithographic 
approaches. Special attention is drawn towards electrical characterization of the 
sensor, investigations of the sensor area on the sensitivity and its calibration 
using inorganic microparticles. The highlight demonstrates the successful label-
free differentiation of healthy human PBMC cells and PBMC cells from a donor 
diagnosed with acute myeloid leukemia (AML). Further, a machine learning 
algorithm was developed for automated analysis and representation of obtained 
data. Finally, the limit of the developed sensor platform is explored using different 
bacterial strains. 
The 6th chapter summarizes the work done in the two main topics of this thesis. 
Finally, conclusions and future prospects, based on the scientific work in this 
thesis, are done. 
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2   Fundamentals 
This chapter explains the various methodologies used in this work. First, a 
detailed overview of the historical evolution of electrical building blocks, with the 
focus on transistor technology, from the microdimension to the nanodimension is 
described. Following, the working principles of transistor technology as an 
electrical building block is presented as well as their maturation towards utilization 
as sensing elements in current biosensors. Next, the history of impedimetric 
biosensors is presented with respect to the methodologies of electrical 
impedance spectroscopy (EIS) and electrical impedance cytometry (EIC) having 
their early beginnings in the late 1960s. After a detailed introduction of the 
microfluidic technology with special attention to multi-phase microfluidics (i.e. 
droplet microfluidics), an overview of the analytes, detected in this work, will be 
presented and why their detection is important for current societies. 
2.1 Sensors at the nanoscale 
During recent years, a broad variety of miniaturized sensing elements have been 
utilized to detect various biospecies, ranging from bacteria, eukaryotic cells and 
viruses to proteins and enzymes, DNA or gaseous molecules. In general, 
ISFETs/MOSFETs and capacitors enable label-free detection of various analytes, 
perfectly down-scalable on small feature sizes at very high numbers on a single 
chip. Here, the combination and interaction of differently doped MOSFET 
geometries (n-type or p-type) on a chip substrate is named complementary metal-
oxide semiconductor (CMOS) technology, which is used to construct integrated 
circuits utilized in e.g. microprocessors and logic circuits52. One essential point in 
the development of novel sensors is the transition of CMOS geometries to 
nanoscopic devices, the nano CMOS technology. Firstly visionized by the famous 
talk “There’s plenty of room at the bottom” by Richard Feynman in 195953 and 
driven by technological progress in micro- and nanopatterning techniques during 
the last decades, the concept of miniaturization of electronic building blocks came 
more and more into focus of today’s research and industry interests. In 1965, 
Gordon Moore published an article, often referred as “Moore’s law”, stating a 
doubling of electronic components in an integrated circuit every year54. This law 
appears to be in good agreement with the evolution of transistor packaging, 
currently reaching 7 nm feature sizes16 on industrial scale. Next to Moore’s law, 
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the “More than Moore” law represents a central issue in scientific community, 
namely added values and incorporating functionalities next to their 
miniaturization. 
In current research, in the development of novel devices and improvements of 
existing platforms, the trend goes towards miniaturization of electrical building 
blocks. Here, the transition from microelectromechanical systems (MEMS) to 
nanoelectromechanical systems (NEMS) and CMOS technology in academic 
research and industry describes a major step in platform optimizations with 
respect to low power consumption, density of building blocks on a surface 
(following Moore’s law), scalability and accompanied higher device 
performances24,55,56. In biological and biomedical research and development 
fields, the research area of point-of-care (POC) diagnostic is coming more and 
more into focus. Apart from already commercial non-nanosized handheld 
devices, application of functional nanosensing geometries grants higher 
sensitivity and selectivity towards analytes due to enhanced surface to volume 
ratio and strong electric field enhancement at the nanostructures at low power 
consumption57. In this, research concentrates on different kinds of 
nanogeometries, e.g. nanoparticles58, nanowires25, nanorods59, nanotubes60 and 
nanosheets61. This combination of features, granted by nanosensing geometries, 
packaged into a space-saving device which allows easy transportation, can boost 
the field of point-of-care diagnostic to the next generation. In this, detection of 
biological or chemical species is due to specific binding of the analyte on the 
sensing geometry via immobilized receptor molecules, like antibodies, aptamers, 
single-stranded DNA or RNA, enzymes and microorganisms62–64, or due to 
changes in the physical and chemical surrounding of the sensing element65,66. 
Via interaction of the analyte with the receptor, the properties of the sensor are 
changed which can be transduced to an electrical signal. A broad variety of 
nanosized sensors were described where the macro-sensing geometry was 
either transferred to the nanodimension or even whole laboratory protocols were 
transferred on a chip. For instance, utilization of nanosized elements was 
demonstrated in the research fields of surface-plasmon resonance (SPR)67, 
cantilever sensors68, surface enhanced Raman scattering (SERS)69 and 
fluorescence resonance energy transfer (FRET)70, thereby demonstrating low 
detection limits at low volumes.  
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In summary, the transition from state-of-art laboratory techniques and protocols 
and micron-sized devices to the nanodimension dominates today’s research in 
the point-of-care diagnostics granting low detection limits at low volumes as well 
as high density of sensors on transportable platforms at low power consumption 
and less effort of sample preparation. 
2.2 Transistors technology 
Transistors (from the terms transfer and resistor71) are semiconducting building 
blocks allowing the control of electrical currents and voltages. Nowadays, 
transistors are the fundamental building block in all modern electronic devices, 
e.g. computer systems, power electronics and circuit technology. In general, 
transistors are made of a semiconducting material, most commonly silicon, with 
a minimum of three terminals, where the electric potential or current of one 
terminal controls the electric current between the other pair of terminals. In 
current electronic standards, different types of transistors are used for various 
types of applications72. In order to understand the working mechanism of 
transistors, the following paragraph will initially deal with the principle of p-n 
junctions, representing the fundamental working principle in transistors. Further, 
the working mechanism of the different types of electronic building blocks based 
on the principle of p-n junctions will be explained, putting the focus on the of 
MOSFET and ISFET architecture. 
2.2.1 p-n junction 
A p-n junction represents the interface between differently doped types of a semi-
crystalline material, i.e. n-type (excess of electrons, e.g. phosphorus) and p-type 
(excess of holes, e.g. aluminum) in silicon. During impurity doping processes, 
foreign atoms are implemented into the intrinsic semiconducting material by ion 
implantation or diffusion processes73. In intrinsic silicon crystals, foreign atoms 
like phosphorus and aluminum atoms can be introduced selectively into the 
material to create n-type and p-type regions, respectively. In this, at the surface 
region between n-type and p-type regions, electrons from the n-type region tend 
to diffuse into the p-type region, filling the holes and thus creating negative ions. 
In contrast, holes diffuse into the n-type region, forming positive ions by 
recombination. The depth of electron and hole diffusion and recombination and 
the formed electric field is also known as depletion layer or space charge region72 
(see Figure 1, panel A). So, no electric current flow is possible crossing the p-n 
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junction, thus acting as an electrical barrier for electrons. 
In total, several strategies of electrical contacting the p-n junction opens the route 
for a wide variety of electronic building blocks. In the following, only a very narrow 
selection of potential electronic geometries will be described, namely the 
MOSFET and ISFET. 
2.2.3 The MOSFET 
The MOSFET represents one of most common transistors in digital circuits and 
is a type of field-effect transistors (FET). It consists of differently doped 
conducting bulk material regions with ohmic contacts applied to different 
potentials (S: source and D: drain). Here, lateral electric current between source 
and drain is controlled by a vertically controlled electric field via a third terminal, 
the gate (G). In the case of MOSFETs, the gate terminal is additional isolated by 
an oxide layer, e.g. Al2O3 or SiO2 (see Figure 1, Panel B), from the bulk. In this, 
different bias on the gate electrode leads to accumulation or depletion of 
electrons or holes at the semiconductor-oxide interface, depending on the doping 
of the semiconductor, thus allowing formation of a conducting channel between 
the source and drain terminals72. This effect is dedicated to the geometry of the 
controlling electric field, generated by the metal-oxide-semiconductor (MOS) 
capacitor. For further description, the focus will be set on the characteristics of a 
n-channel MOSFET. Here, if a positive bias is applied to the gate electrode (VGS), 
electrons from the bulk p-substrate are attracted to the interface to the isolating 
oxide (forming the accumulation layer) and vice versa for negative bias of VGS 
forming a depletion layer at the interface layer. Additionally, if VGS is further 
increased in the negative regime, the concentration of interface-near holes might 
surpass the concentration of electrons. In this case, the charger carrier type of 
the semiconductor changes and the MOSFET is working in inversion mode. By 
application of a positive bias to the gate, the n-channel MOSFET shows electric 
current (ISD) at an applied voltage (VSD) between the terminals if the gate bias is 
set above a certain threshold voltage (VGS>VT) due to electron trapping in 
unoccupied states between the oxide and bulk materials, driven by one type of 
charge carrier, since no p-n junction has to be crossed. MOSFETs represent a 
type of non-linear electronic building blocks, meaning they have no linear 
correlation between applied electric voltage and observed current of all three 
terminals72. Here, in the IV characteristic of VSD and ISD a clear saturation 
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Figure 1: Overview of differently doped semi-crystalline regions and their possible 
working areas: (A) The p-n junction: At the interface between differently doped regions, 
a depletion layer is created by diffusion of both electrons and holes to the opposite 
region, thereby recombining with each other. Fixed lattice ions are creating in the layers. 
(B) n-channel MOSFET side view appearance: The MOS capacitor or gate (G) regulates 
the width of the conductive channel and therefore the current between source (S) and 
drain (D). (C) Schematic illustration of the output characteristics of a n-MOSFET in 
dependence of different gate voltages (top) and of the transfer characteristic (bottom). 
level can be observed at constant VGS values, also called the output 
characteristics of a MOSFET. This saturation is due to a decreased conduction 
channel width at the drain electrode, since this width is based on the potential 
difference between the gate and the channel. Here, linear increase and saturation 
level formation is dependent on the transfer characteristics (ISD in dependence of 
VGS) of MOSFET, in detail only possible if VGS>VT, which appearance is set by 
the conduction type of the transistor74. In the following Figure 1, panel C, the 
schematic electrical behavior of a n-type MOSFET can be seen. Here, the 
transfer characteristics show a positive current of ISD for positive gate voltages, if 
VGS exceeds the threshold values VT. Further, a linear and ohmic current increase 
of ISD in the output characteristics can be observed, followed by a saturation with 
increasing VSD. Here, the plateau signal is greatly dependent on the gate voltage 
and the respective width of the conduction channel. 
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2.2.4  The ISFET and BioFET 
MOSFETs are vastly used in computer industry due to their ability to switch their 
on-off state by external potentials (namely VGS) and can thus be utilized as 
electrical element for logical operations (e.g. OR, AND and XOR) in very large 
scale integration (VLSI) integrated circuits75. In parallel, FET technology rose in 
the last decades as sensing element for biological and chemical species in the 
current field of biosensors, the BioFETs. In this paragraph, the principle of the 
utilization of these FETs for biosensing will be described. Next to MOSFET 
technology, where the gate electrode is separated by an isolating oxide layer from 
the conduction channel, several strategies exist for control of the conduction 
channel width. Among others, BioFETs represent a potentiometric sensor 
geometry where the detection principle is based on potential differences between 
the working electrode and gate electrode. In this, the MOSFET’s capacitor control 
can be replaced by the utilization of an electrochemical gating effect in solution, 
 
Figure 2: Utilization of BioFETs for biosensing. (A) Appearance of the electrical double 
layer capacitance (EDLC) by accumulation of positive charges at the semiconducting 
surface (VGS: positive). (B) Functionalization of the surface with receptors (ssDNA or 
antibodies) grants selectivity to biospecies, e.g. complementary DNA, proteins or cells. 
applied for devices called ISFETs. Here, two main configurations are present: 1) 
ISFET with dielectric insulator, where the capacitive coupling is mainly due to the 
gate dielectrics and 2) ISFETs without isolating layers, where the coupling is 
dominated by the creation and composition of the capacitance of the electrical 
double layer (EDL). This effect is solely due to ion redistribution of the solution 
near the semiconductor surface and is labeled as the electrical double layer 
capacitance (EDLC) (see Figure 2, panel A). In this configuration, ISFETs are 
suitable to be utilized as biological and chemical sensors, since the EDLC (and 
its effect on the conduction channel width) is sensitive to the solution ion 
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concentration (and thus its pH value). Furthermore, via functionalization of 
bioreceptors (e.g. DNA, antibodies and aptamers) to the semiconductor surface 
and the selective binding of the analyte of interest (e.g. cells, proteins and 
complementary DNA) lead to alterations of the EDLC, directly reflected in the 
conductivity of the channel (see Figure 2, panel B)76–78. During the last decades, 
a great number of publications were published demonstrating the usage of 
ISFETs for sensing specific analytes in medium, giving it the name BioFET. Here, 
by functionalization of the surface, detection of cells79 (or their medium alternating 
metabolism, discussed in Chapter 2.5.2), proteins80, molecules81 and DNA78 were 
successfully demonstrated. A major improvement towards sensitivity marks the 
implementation of nanoscaled semiconducting materials, as discussed in 
Chapter 2.1, with a broad variety of 1D materials (nanowires, nanotubes) and 2D 
materials (nanosheets), including silicon nanowires27, graphene82, molybdenum 
disulfide (MoS2)83, carbon nanotubes84 and indium oxide nanowires85. 
2.3 Impedance measurements for biodetection 
2.3.1 Electrical impedance spectroscopy 
Electrical Impedance Spectroscopy (EIS) represents a powerful and non-invasive 
technique for electrical characterization and sensing of molecules and micron-
sized analytes, utilized in e.g. food products analysis86, medical diagnostics87,88, 
quality control of electronic structures89,90 and coatings91. In this technique, the 
detection is based on alterations of dielectric properties of electrical systems in 
alternating currents at various frequency ranges. Usually, these systems are 
composed of both resistors and capacitors92 with up to four electrodes, where the 
applied frequency depends on the main goal of the experiment, ranging from the 
µHz regime for corrosion measurements up to several MHz in biological assays93. 
Most important in (bio)medical context, EIS can be utilized to detect adhering or 
growing biological species on electrode surfaces. Here, the biological biomass or 
biofilm with its own electric properties (i.e. resistance, capacitance and dielectric 
constant) forms a coating film on or between electrode surfaces thereby altering 
the electronic response of the circuit94,95. Furthermore, the presence of biological 
species can be additionally detected by alterations of the ionic environment by 
secretion of ions or metabolites from living bacteria and cells96. Despite its high 
sensitivity towards changes on and around the electrodes, the static detection 
mode of EIS limits the technology to long-term investigations, e.g. in cell culture 
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experiments or slow settling of microorganisms on the surface. Thus, in order to 
increase the information throughput, dynamic mode sensing at fixed frequencies 
will be introduced in the following paragraph. 
2.3.2 Electrical impedance cytometry 
In addition to EIS, the frequency can be set to concrete states, introducing the 
electrical impedance cytometry (EIC) principle. In this, application of e.g. 
microfluidic delivery systems and fixation of the excitation frequency greatly 
improves the throughput, mimicking the flow cytometry principle. Like in EIS, this 
technique probes the dielectric and impedance properties of both biological and 
non-biological analytes applied by an externally electrical field between two 
electrodes97. Here, the single-shelled spherical model can be used for theoretical 
approximation of the output impedance response, describing the analyte (e.g. 
particle or cell) on the capacitive sensor, represented by a parallel RC-circuit, by  
Figure 3: EIC basic principle: (A) 
Biological cell representation by 
the  single shell model with radius 
R, membrane thickness d, 
cytoplasm and membrane 
conductivities σc and εc and 
dielectric constants and σm and εm. 
(B) Simplified equivalent circuit in 
the presence of a cell. The cell 
adds a parallel RC-element with 
cell specific values in series to the 
original sensor equivalent circuit. 
its inner electrical resistance and capacitance (see Figure 3, panel A). Based on 
this model, the presence of a cell or particle on the sensor can be represented in 
the equivalent circuit as a parallel RC element connected to the original sensor 
equivalent circuit (see Figure 3, panel B). The in-series connected capacitance 
Cp and resistance Rp of the analyte will introduce a change in the impedance 
characteristics of the circuit. Here, this model has been proven to be correct being 
in good agreement in terms of single cell impedance cytometry 
experiments98,99.The first demonstration of a device able to detect and count 
single cells was developed by Coulter in 1956, giving it the name Coulter counter, 
where blood cells were guided through a small orifice with an applied electric 
current100. While cell passing, the change of resistance was recorded based on 
the size of the passing cell and the resulting displacement of the electrolyte 
solution. Around 30 years later in 1997, the first realization of the Coulter counter 
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on the micron-scale was demonstrated, namely the microchip Coulter Particle 
Counter (µCPC)101. Although no data was presented in this work, the device 
design consisted of a silicon-etched microchannel, vertically focusing the analyte 
liquid through a gold-based orifice. Based on this work, successful detection of 
sub-micrometer particles was demonstrated using the Coulter Counter technique 
several years later by Saleh and Sohn102. Here, latex particles down to 87 nm 
were detected as they pass through a small orifice thereby displacing the 
electrolyte solution. During the last decades, the concept of µCPC was further 
improved with respect to sensitivity, downscaling of the orifice to the nanoscale 
and throughput towards instruments capable of single molecule detection and 
DNA/RNA sequencing103. 
While µCPC relies on direct current and low-frequency for size measurements, 
the strategy of measuring in alternating current at various frequencies offers an 
alternative way to measure, next to the size, the membrane capacitance and 
cytoplasm resistance of passing cells, called electrical impedance cytometry38. 
This improvement was firstly demonstrated on chip in 2001, capable of 
differentiation of micron-sized particles and erythrocytes (red blood cells) and 
their ghost cells (removed inner content of the cells) between two coplanar 
microelectrodes104. In the last 20 years, the principle of EIC was further optimized 
with respect to enhanced sensitivity and stable signals by reduction of detection 
area by focusing liquids105 and squeezing cells through microfluidic channel 
bottlenecks106,107. Furthermore, information output was additionally improved by 
application of a two-frequency impedance data collection of passing single cells 
allowing determination of membrane capacitance and cytoplasm conductivity 
independently108 or as a ratio (i.e. the opacity) to demonstrate alterations in the 
cell membrane40. In conclusion, EIC provides high-throughput detection of 
organic and inorganic nano- and microspecies based on their electric properties 
like membrane capacitance and cytoplasm resistance but is still influenced by the 
analyte’s size and the experimental setup, i.e. the electrodes and the 
microchannel design. However, Zhao and co-workers109 successfully 
demonstrated classification of cells based on their membrane capacitance and 
cytoplasm conductivity using a constriction channel, but at low detection 
frequency (around 1Hz). Here, further investigations have to be done in order to 
combine the detection of the pure electric properties of the cells at the high-
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throughput kHz regime. Further, in order to be able to successfully classify the 
different development states of cells, e.g. stem cells, further electrical 
characterization of the different progenitor cells have to be done since their 
capacitance can alter during maturation110,111. Finally, there are no investigation 
towards the utilization of nanosized electrodes as detection elements, which can 
enable a more sensitive detection of cells with different intrinsic electrical 
properties (see Chapter 2.1). 
2.4 Microfluidics 
2.4.1 Definition 
Microfluidics represents a technology for controlling and manipulating liquids (in 
the range of 10-10 to 10-18 liters) in confined channel geometries typically sizing 
from tens to hundreds of micrometers. These channel systems offer several 
advantages in both chemical and biological assays compared to conventional 
laboratory devices, e.g. short analysis times, low sample consumption and costs 
and parallel operations at high sensitivity and resolution112–114. Here, dominating 
forces in macroscopic fluids like inertial forces, gravity or turbulent forces, are 
dominated by laminar flow, diffusion, surface tension and surface area to volume 
ratio115,116. In this, the transition from turbulent flow to laminar flow can be 
described by the Reynolds number (Re). The dimensionless number describes 
the ratio of inertial and viscous forces of a fluid and is defined by: 
𝑅𝑒 =  
ρ𝑣𝑑
η
 (1) 
with ρ as the density of the liquid with velocity v in the length dimension d divided 
by the dynamic viscosity η of the liquid. Subsequently, if inertial forces, described 
by the nominator, dominate over the viscous force, described by the denominator, 
the system becomes turbulent (Re > 2300).  In contrast, for shrinking influences 
of inertial forces, e.g. for smaller channel dimensions d or slower velocities v, the 
system becomes laminar (Re < 2300)115. In microchannels, the liquid flow usually 
shows laminar behavior, demonstrating parallel stream layers to the surface, 
where mixing only occurs by diffusion or introduction of special 
geometries112,115,117. Here, the fluid flow can be obtained passively by capillary 
and evaporation phenomena118,119 or actively by manipulation of the flow by active 
pumping of the liquids120,121. Nowadays, microfluidics represents a powerful tool 
2   Fundamentals 
21 
 
in multidisciplinary fields, e.g. in (bio)chemistry, biotechnology, biomedicine and 
nanotechnology in the spirit of drug screening assays122,123, analyte and sample 
delivery to sensing structures124–127 and direct sensing128,129. By tuning of the 
channel system, additional features can be inserted into the microfluidic system, 
e.g. mixing of analytes by structures inducing turbulent flow130, focusing of liquid 
streams131 or separation of the analytes or particles in the channel by droplet 
formations. In current research, the most prominent structures are the flow-
focusing and t-junction structure, where two immiscible liquids are guided to the 
systems enabling the formation of a controlled emulsion in the following 
channels51. The principle and the theory of droplet formation or stream breakage 
are described in the following paragraph. 
2.4.2 Droplet-based microfluidics 
Droplet microfluidic deals with the formation and manipulation of droplets in an 
immiscible carrier liquid in microchannels. Over the last years, by the possibility 
of encapsulation of biological species or chemical components in these droplets 
increases its impact as an alternative route in various biological assays by its 
ultra-small volumes (in the range of pico- and nanoliters), automatization and 
parallelization possibilities at high-throughput (up to several kilohertz)50,132,133. In 
this configuration, every discrete droplet can be seen as an e.g. individual well in 
a microtiter plate including the possibilities of sample processing. In detail, droplet 
mixing134, controlled fusion or merging135, splitting136 as well as long-time storage 
of microfluidic droplets137 has been successfully described and, due to its high-
throughput, drastically increases the data output for biological and chemical 
assays at low experimental times and costs. Next to parallelization and 
miniaturization, this methodology offers additional advantages compared to 
single-phase flow microfluidics, namely enhanced mass transfer and mixing 
within droplets, higher sensitivity due to lower volumes and thus shorter times in 
general for analysis and detection assays51,133. Droplet generation can be 
categorized into two main categories, i.e. active and passive generation. In 
passive mode, droplets are generated by introduction of a liquid phase in an 
immiscible continuous liquid, thereby destabilizing the continuous flow, i.e. by 
dripping, jetting, squeezing, tip-streaming and tip-multi-breaking138. In contrast, in 
active mode the natural breakup of droplets can be influenced by introduction of 
external forces like electrical, magnetic or thermal factors51. In the following, the 
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forces, influencing parameters and appearance of passive droplet generation 
geometries, are described in detail for two most common droplet microfluidic 
structures, the flow-focusing structure and the t-junction (see Figure 4, panel A 
and B). For simplicity, the dimensions of all channel structures are set to the same 
values in the following examples, namely their heights and widths. In the flow-
focusing structure a liquid, e.g. deionized water as the dispersed phase, is 
actively pumped from the left microfluidic channel with a flow velocity Qd. 
Additionally, an immiscible liquid, e.g. mineral oil as the continuous phase with 
the flow velocity Qc, is pumped through the channel coming from top and bottom 
(see Figure 4, panel A). In this 3-channel configuration, the dispersed phase is 
phase is squeezed between the two flows of the continuous phase, resembling a 
hydrodynamic focusing effect. Following, as the dispersed phase propagates in 
the channel, it forms a cylindrical shape thereby becoming unstable by capillary 
instability, firstly described by Rayleigh in the year 1879 and thus labelled 
Rayleigh-Plateau instability139,140. Subsequently, the breakup at the neck of the 
 
Figure 4: Most common droplet microfluidic geometries: (A) Flow-focusing structure: 
The dispersed phase (blue) with the velocity Qd is squeezed between two streams of 
immiscible continuous liquid phase with the velocity Qc. By occurring capillary instabilities 
during dispersed phase, a cylindrical shape is formed which is following cut by inertia 
and surface tension forces. (B) T-junction structure: As the dispersed liquid is penetrating 
into the channel with the continuous liquid, a combination of surface tension force, shear 
stress force and flow resistance force result in droplet fission and propagation in the 
downstream channel. 
emerging droplet takes place driven by inertia and surface tension. In this, the 
size of the droplet is dependent on the flow rates and viscosities of the two liquids 
as well as the channel geometry141. A closer look at the second droplet generation 
structure, the t-junction, allows clear identification and determination of the 
different physical forces which contribute to the droplet formation. Here, the 
geometry is a simple 2-channel geometry, where the dispersed phase is pushed 
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from the top while the continuous phase is pushed from the left (see Figure 4, 
panel B). In this, the dispersed phase penetrates into in the channel with the 
continuous phase, forming a droplet in the downstream direction. During 
dispersed phase penetration, its upstream interface of with the continuous phase 
is reaching the downstream edge of the dispersed phase channel, since the 
dynamic pressure upstream of the droplet is drastically increasing, resulting in 
droplet fission. As soon as the dispersed phase penetrates into the channel with 
the continuous phase, the combination of different forces starts to act on the 
dispersed phase, resulting in droplet breakup. Firstly, as the droplet’s stabilizing 
force, the surface tension force is introduced:  
𝐹γ ≈  γh (2) 
where γ is the interfacial tension coefficient and h the height of the channel. Next, 
the destabilizing shear stress force on the dispersed phase tip, exerted by the 
continuous phase as it flows through the gap between the tip and opposing 
channel wall, is defined by: 
𝐹τ ≈  μ𝑐𝑄𝑐
𝑤𝑐
𝑒2
(3) 
where μc is the viscosity of the continuous phase, Qc the speed of the continuous 
phase, , wc the width of the carrier channel and e the thickness of the gap between 
droplet tip and opposite channel. The second destabilizing force, the flow 
resistance force, describes the resistance to the flow of the continuous phase 
when the dispersed phase blocks the cross section of the channel, defined by: 
𝐹R ≈  μ𝑐𝑄𝑐
𝑤𝑐
2
𝑒3
(4) 
In summary, during droplet formation in t-junction geometries, two destabilizing 
forces for droplet breakup and one tip stabilizing forces are present. Here, the 
destabilizing forces 𝐹τ and 𝐹R have different temporal impacts in the formation. 
While 𝐹R  has a higher impact in the net force acting on the droplet, when it is 
penetrating into the main channel, the impact of 𝐹τ increases more during droplet 
maturation, when the thickness e is decreasing and the droplet is moving within 
the main channel141–143. 
2.5 Biomarkers for sensing applications 
In the following paragraph, the probed chemical parameters and biospecies in 
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the spirit of biosensing experiments are presented. Here, detection of chemical 
parameters like the pH value of a medium or ionic concentrations of buffers can 
be utilized to identify metabolism of living microorganisms and to track the kinetics 
of a chemical reaction leading both leading to time-dependent alterations of the 
ionic composition of the medium. The utilization of the pH value and ionic 
concentrations in sensing experiments will be discussed in detail in the following 
paragraph. Additionally, a compact overview of one family of leukocytes are 
presented and why their detection and accompanied composition analysis has a 
high impact in the fields of biomedicine and medical assays.   
2.5.1 Peripheral blood mononuclear cells (PBMCs) 
Every higher-developed living organism has a developed system, namely the 
immune system, for defense against pathogenic intruders which enter an 
organism through its interactions with the environment. In humans, this system 
consists of two different branches: The static innate non-specific immune system 
and the adaptive immune system having high specificity and memory against 
pathogens. In both branches, all cells (also called leukocytes) of the immune 
system develop from a shared omnipotent stem cell in the bone marrow144. 
During development, two ways of cell differentiation can be observed: the myeloid 
development of e.g. granulocytes and monocytes, which main task is 
phagocytosis of pathogenic intruders. Second, T- and B-lymphocyte maturation, 
responsible for antigen recognition, can be found in the lymphoid development. 
In the following, the focus will be set on one family of immune cells, the peripheral 
blood mononuclear cells (PBMCs), which act in the adaptive immune response 
branch and consist of lymphocytes and monocytes. Lymphocytes consist of three 
populations: B- T- and natural killer (NK) cells. Here, the nomination is based on 
the spatial origin of differentiation, namely Thymus for T cells and Bursa Fabricii 
for B cells (only found in birds, located in the bone marrow in humans). The main 
task of B cells is the secretion of immune globulins upon recognition of the antigen 
thereby maturing in plasma cells. On the other hand, T cells are divided into 
several sub-groups fulfilling several tasks in the adaptive immune response, 
including maturation of B cells, activation of cytotoxic T cells, destruction of 
infected cells, immune response memory and many more. Further, NK cells have 
the task to activate cells of the phagocytosis system upon infection as well as 
destruction of virus-infected cells. Finally, monocytes are progenitors of 
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macrophages, responsible for destruction of foreign pathogens as well as 
presentation of protein-antigens upon digestion145. Here, analysis of transcription 
and translation levels of PBMCs as well as their percentage composition of its 
subfamilies grant insight into the detection and identification of diseases, e.g. 
several types of cancer146–148, infections149,150 and various auto-immune 
diseases151.  
For instance, several types of leukemia, a type of cancer located in the bone 
marrow, can be detected by analysis of the PBMC subpopulations. The disease 
affects the composition, appearance and functioning of white blood cells causing 
a malfunctioning and weakened immune system with an increased risk of 
infections of the diseased person152. Over 350,000 new leukemia cases are 
estimated worldwide and it represents the 10th deadliest cancer type with over 
265,000 deaths worldwide, most dominantly in developed countries153. The 
general origin of leukemia is mostly unknown and only few hypotheses try to point 
out the multiple factors, e.g. ionizing radiation and exposure to benzene and anti-
cancer drugs154. Within the four main types of leukemia, acute myeloid leukemia 
(AML) represents the most abundant type with around 80% of cases155 and is 
classified by a heterogeneous disorder caused by the loss of differentiation ability 
of haemopoietic progenitor cells156 and accompanied reduced white blood cells 
count and performance157. Symptoms include anaemia, leukopenia und 
accompanied higher rate of infections. AML patients only have a five-year survival 
rate of 20-30%, strongly reduced for aged patients over 65 years even with 
clinical treatment154,155. 
2.5.2 Physical parameters 
Next to detection of nano- and microscopic biological and molecular species, 
detection and determination of ionic concentrations, i.e. molar concentrations of 
ions and molecules as well as the pH value, represents a substantial liquid 
parameter with high biological relevance. In this, biological living and 
accompanied correct functioning of chemical reactions, metabolism, protein 
folding and interactions and enzyme function depend on the ionic concentrations 
of the surroundings158,159. Thus, precise determination of these liquid parameters 
plays an important role in biotechnology, biomedicine, pharmaceutics and 
biochemistry. Here, the pH value is used for determining the acidity or basicity of 
aqueous solutions, ranging from pH 1 (acidic) to pH 14 (basic) and is defined by 
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the negative decimal logarithm of the hydrogen ion activity160: 
𝑝𝐻 =  −𝑙𝑜𝑔10(𝑎𝐻+) (5) 
With respect to biological systems, the pH value both acts as a regulator and 
parameter in various fields. During development, maturation and metabolism of 
both eukaryotic and prokaryotic cells, chemical parameters of their surroundings 
play an important role in case of correct information pathways, induced changes 
of the surroundings during development or metabolism of the cells. For instance, 
the extracellular pH value, or the concentration of H+ ions in a medium, has a 
dramatic effect on bacterial and fungi growth rates161,162, metabolite production 
and consumption161,163 and correct maturation of stem cells164. Next to the 
importance of the aqueous pH values, the molar concentration, or molarity, plays 
an important role for correct function of chemical reactions as well as survival 
conditions for biospecies in solution. It represents the concentration of a chemical 
in solution per unit volume (𝑚𝑜𝑙
𝐿
) and is defined by: 
𝑐 =
𝑚
𝑉𝑀𝑊
(6)  
Where m is the mass and MW the molecular weight of the solute and V the volume 
of the solution. It is the driving parameter for the solution’s compatibility to be 
suitable for cell incubation since it defines the osmotic pressure acting on 
suspended biospecies. Thus, if the ionic concentration of the solution is too high 
or low compared to the inner cell ionic concentration, bursting or shrinking of the 
suspended cell will follow165. Thus, precise determination of the molar 
concentration has to be done for correct incubation of prokaryotic and eukaryotic 
cells. Further, the molar concentrations of chemicals have to be precisely set in 
order to guarantee correct environment conditions for many chemical reactions. 
In conclusion, detection of above mentioned liquid parameters represents an 
important technique to guarantee the successful operation of various laboratory 
assays in biomedicine, pharmaceutics and biochemistry. Additionally, these 
parameters define the survivability of microorganisms in suspension and thus 
efficiency of cell survival in biological assays as. Thus, determination of liquid 
parameters is substantial for a wide variety of scientific and industrial protocols, 
where their values have to be precisely set. 
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3.   Material and methods 
This chapter is dedicated to the introduction of the various experimental protocols 
used in this work. After a short overview of the used chemicals and their 
providers, the strategies for the cleaning of surfaces for later experimental 
procedures are presented. Following, the main focus is set on the various kinds 
of lithographic techniques, utilized for controlled patterning of surfaces from the 
nano- to the millimeter dimension. In this, the concept of electron beam, optical 
and soft lithography are introduced as well as the applied protocols used in this 
work. Following, experimental procedures subsequent to lithography are 
presented, i.e. thermal deposition of metals and surface silanization. Finally, after 
introduction of the general experimental measurement setup, the protocols for 
analyte cultivation, i.e. for bacteria and PBMCs, are presented. 
3.1 General 
3.1.1 Materials and chemicals 
Table 3: Chemicals and Materials and their suppliers used in this work 
Chemical / Material Supplier 
Acetone  
VWR International GmbH 
Isopropanol  
Ammonia solution (25%) 
Bacto nutrient broth 
Hydrochloric acid  
Sigma Aldrich Inc. 
Sodium hydroxide  
(3-Aminopropyl)triethoxysilane (APTES) 
Succinic anhydride  
1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) 
N-Hydroxysuccinimide (NHS) 
Disodium hydrogen phosphate  
Potassium dihydrogen phosphate  
BactoTM peptone 
Mineral oil M5904 
Span® 80 
Phosphate buffered saline (tablets) 
Hydrogen peroxide (35%) 
Carl Roth GmbH + Co. KG Ethanol  
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UV-resist AZ5215E 
Merck KGaA Developer AZ 351(B) 
Dimethyl sulfoxide (DMSO) 
Poly(methylmethacrylate) (PMMA) 
Microchemicals GmbH TI Prime 
Cr-Etchant 
UV-resist SU-8 2010 Microchem Corp. 
mrDev 600 Micro resist Technology GmbH 
Chromium rods Goodfellow GmbH 
Gold pellets Kurt J. Lesker Company Ltd. 
Chromium masks ROSE Fotomasken 
Sylgard® 184 (PDMS) Dow Corning Inc. 
Developer AZ726MIF AZ Electronic Materials plc 
Ficoll-Paque Plus GE Healthcare SC 
RPMI 1640 medium Thermo Fisher Scientific Inc. 
Fetal bovine serum Invitrogen AG 
PBMC antibodies BD Biosciences Company 
 
3.1.2 Surface cleaning 
With respect to the required cleanliness of a surface or the appearance of 
unwanted influences of cleaning chemicals on deposited materials on a surface, 
substrates were washed in organic solvents, RCA cleaning solutions or in radical 
oxygen plasma. The individual procedures for different cleaning protocols are 
described in the following table.  
Table 4: Cleaning procedures using different (combinations of) chemicals depending on 
the desired cleanliness of the substrate 
Cleaning 
Procedure 
Used Mixture Duration Temperature Removes 
Acetone / 
Isopropanol 
Pure 5 min 
each RT 
organic 
contaminations 
RCA-1 H2O:NH4OH:H2O2 =5:1:1 15 min 80°C 
organic 
contaminations 
RCA-2 H2O:HCl:H2O2 =7:1:1 15 min 80°C 
metallic 
contaminations 
O2 plasma 
treatment 
- 10min RT organic contaminations 
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3.2 Lithography 
Common lithography in nano- and micropatterning approaches have the aim to 
pattern an artificial structure on the substrate. These structures hold various kinds 
of applications, e.g. electrode geometries, sacrificial layers for lift-off strategies of 
metals, etching masks or master structures for soft lithography. In the following 
subsections, the experimental procedures of different lithography approaches are 
described. Prior to covering, the substrate was cleaned according to the needed 
cleanliness and compatibility with the cleaning reagents, described in the 
previous paragraph. 
3.2.1 Electron beam lithography 
Electron beam lithography (EBL) is a technique for nanostructuring electron 
beam sensitive layers down to sub-10 nm dimensions and is based on the 
scanning electron microscope (SEM) technique. In this, SEM represents a 
mapping method, which uses electrons for visualization of a specimen instead of 
the usage of photons, utilized in optical microscopy. During visualization, the 
specimen is scanned with an electron beam, emitted from a field emission source 
or thermally heated cathode, accelerated to an energy usually in the range of 
single kilo-electron volts (keV) and focused by electromagnetic lenses166,167. 
While in conventional SEM technology, the electron beam is scanned over the 
specimen, EBL allows the guidance of the beam in arbitrary patterns, thus only 
exposing specific areas. 
Here, the specimen, usually a planar substrate coated with an electron-sensitive 
layer, is exposed to a focused electron beam (accelerated up to 100keV168) in an 
arbitrary pattern. By this partial exposure, the exposed areas are chemically 
modified, drastically altering their solubility. Here, the layer (i.e. resist) becomes 
either soluble (positive tone) to its developers or chemically resistant to its 
removal agents or developers (negative tone) during its exposure. Since the 
pattern is directly written in the resist, EBL represents a maskless nanopatterning 
technique167. The patterning of these small features requires consideration of 
several experimental parameters, since the resolution of generated patterns is a 
combination of various factors. On the one hand, the quality of patterns is greatly 
dependent on correct focusing of the electron beam, as well as high positional 
accuracy. While these device-related issues are nowadays covered by 
commercial automated EBL systems169, unavoidable electron scattering events 
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in the resist can influence the resolution of the pattern, namely the proximity 
effect168. This effect is due to interactions of beam electrons with both resist and 
substrate, namely scattering of primary electrons, backscattered electrons and 
induced diffusion of secondary electrons170. Here, the magnitude of scattering 
and diffusion events is greatly dependent on the electron acceleration voltage, 
beam dose on one spot (settling time of the beam), beam current, thickness of 
the resist and substrate material. Thus, the optimal parameters for a high-yield 
and high resolution patterns have to found empirically since the delicate 
 
Figure 5: PMMA negative and positive tone behavior. During exposure, both processes 
of chain cross-linking and chain scission take place. For lower energy, chain scission 
dominates, rendering PMMA positive during exposure (top path). The resulting pattern 
can be used in e.g. metal-lift off processes. For higher beam energy, chain crosslinking 
becomes dominant, switching the response of PMMA to negative tone (bottom path). 
The crosslinked layer can be used as e.g. etching mask for underlying layers. 
combination of all these parameters is hard to predict. During the last decades, 
various theoretical and experimental investigations were made trying to explore, 
understand and minimize the electron scattering in a range possible parameter 
combinations170–173. During application of EBL, the fabricated structure can be 
used as a mask to transfer its features to other materials, depending on the type 
of utilized resist on the substrate. In this, negative resists on a surface can be 
used as an etching mask to directly transfer the structure to underlying materials, 
while positive resist can be utilized as sacrificial layer to pattern the exposed parts 
of the substrate after development, e.g. during metal lift-off methods (see Figure 
5). There is a broad range of commercial available EBL resist from which the 
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most suitable can be chosen for experimental work with respect to tone, 
resolution, thicknesses, etch resistances and many more174,175. In the following, 
one of the most prominent EBL resist, Poly(methylmethacrylate) (PMMA), will be 
introduced. The polymer PMMA is a positive high-resolution and easy to process 
organic resist which feature sizes reach down to 5 nm176,177. During electron beam 
exposure, PMMA undergoes simultaneously chain crosslinking and chain 
scission, where the latter dominates the process and thus leads to a positive 
behavior of the resist. Interestingly, by exposure of a 10x higher electron dose, 
chain crosslinking becomes dominant and PMMA switches its response to 
negative tone. Here, instead of chain fragmentation during exposure with lower 
doses, the chains will crosslink, making them insoluble to removal agents168,178–
180. In the presented work, PMMA in negative tone was utilized for nanopatterning 
of the capacitive sensing structure in EIC. 
In this work, PMMA 950k was used as a negative resist by drastically increasing 
the exposure dose by 10- to 100-fold magnitude. The substrate was chosen to 
be a common transparent glass slide for later observation during measurements 
by light microscopy. Firstly, the glass substrate was cut into half with a diamond 
pen. Before the substrate was covered with 5 nm Cr and 50 nm Au (process 
described in Chapter 3.3), it had to be cleaned very thoroughly for archiving a 
homogeneous and contaminant-free covering of the surface. The cleaning 
protocol involved supersonic agitation in acetone and isopropanol for 5 minutes 
to remove bigger dust particles and contaminants on the surface. Next, smaller 
organic and metallic contaminants were removed by substrate immersion into 
RCA-1 and RCA-2 cleaning solutions for 15 minutes at 80°C each and gently 
blown dry by a nitrogen stream. Next, the substrate was dry cleaned in 
atmospheric oxygen plasma (Zepto System, Diener electronic GmbH, Germany) 
for 5 minutes at 100 W and 0.3 mbar. Now, the substrate was carefully fixed on the 
evaporation holder by carbon pads and put into the evaporation device for 
thermal metal deposition. After deposition, the substrates were removed from the 
chamber and cleaned in acetone, isopropanol and in oxygen plasma with the 
same parameters. After plasma treatment, a 70 nm thick layer of PMMA 950k was 
spincoated using a spinning speed of 4000  rpm s⁄  for 50 seconds (RC8, SÜSS 
MicroTec SE, Germany). After baking at 130°C for 5 minutes the substrate was 
transferred to the SEM with an integrated EBL module (ELPHY32, Raith GmbH, 
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Germany). By applying high beam doses (in the mC/cm2 regime) with an 
acceleration voltage of 30keV and a beam current between 100 - 200 pA, the 
exposed parts of PMMA were highly crosslinked. After exposure, unexposed 
PMMA was removed by immersion in acetone for 3 minutes. Now, unprotected 
gold and chromium layer were dry etched using dry radical ion etching (RIE) in 
argon atmosphere for 5 minutes (IonSys500, Mayer Burger AG, Germany). 
Finally, the PMMA protection layer was removed by oxygen plasma treatment for 
5 minutes at 100 W at 0.2 mbar. 
3.2.2 Laser lithography 
Laser lithography represents a powerful tool to structure a surface in a maskless 
fashion. In the used device (DWL 66FS, Heidelberg Instruments Mikrotechnik 
GmbH, Germany), a diode laser with a wavelength of 405nm is guided in a 
scanning mode over the substrate thereby writing a structure on a laser-sensitive 
surface181. This structure was designed in silico using a vector-based program, 
i.e. WieWeb's CleWin182. This method was used to fabricate mask for following 
UV lithography approaches. Here, up to 9 different structures for microfluidic 
master structures or electrode designs could fit in an area of a 5inch wafer and 
 
Figure 6: Ready-to-use mask defined by laser lithography. It contains two structures for 
electrodes (top part) and several geometries for microfluidic purposes (bottom part). On 
the right side, the corresponding designed pattern of an electrode design can be seen. 
written overnight directly on a mask. This commercial available mask consisted 
of a glass-lime substrate coated with a chromium layer. On top of the chromium, 
a layer of laser-sensitive resist was coated (AZ1518). After writing, the mask was 
developed in a mixture of AZ351(B) developer and deionized water in a ratio of 
1:4 for 3 minutes. Following, the developed structure was checked under the 
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microscope for proper development. If needed, the mask was immersed into the 
development solution for additional 10 seconds and checked again. This step 
was repeated until the structure was developed correctly. Following, the mask 
was immersed in Cr-etchant for 1 minute. After rinsing with water and drying with 
nitrogen, residual resist was removed in acetone for 1 minute in supersonic 
agitation. On Figure 6, a typical ready-to-use chromium mask can be seen. On 
the mask, two electrode designs were patterned while several microfluidic 
patterns can be seen at the bottom part. On the right side, the corresponding 
pattern in silico is depicted. 
3.2.3 UV lithography 
Like in EBL, optical lithography is a method to pattern resist-coated planar 
samples. Here, the main differences are the use of photons to locally alter the 
light-sensitive resist. During exposure, the sample is placed below a patterned 
mask (defined by laser lithography, as described in the previous chapter), which 
partially covers the sample. The light source usually a mercury arc lamp since its 
shows strong emission in near- mid- and deep-UV183. Here, light passes through 
the mask, thereby only reaching the exposed areas of the resist below. 
Depending on the tone of the resist, it is altered towards sensitivity or resistivity 
to its developer (see Figure 7). As a prominent example for UV-sensitive negative 
resist, the polymer SU-8 will be introduced. SU-8 is an epoxy-based resist which, 
upon UV-catalyzed acid formation in the resist between 350-400 nm, highly 
crosslinks at elevated temperatures. In this, UV-light is not absorbed by SU-8 
itself, but only by the dissolved photoinitiator (up to 10 wt%) resulting in acid 
generation upon photon absorption. Consequently, released H+ ions locally open 
the ring structure of SU-8, allowing high crosslinking of its monomers under 
emergence of additional H+ ions thereby continuing the chemical reaction.  Since 
one photon causes hundreds of reactions, SU-8 is classified as a chemical 
amplified resist184–186. Thus, its grants high aspect ratios of the developed pattern 
with up to 200 µm film thicknesses187, since UV-light is only absorbed by a small 
fraction (the photoinitiator) in the resist mixture. Due to its high thermal and 
physical robustness188,189, vertical side walls even with high aspect ratio190 and 
low dielectric constant191, SU-8 represents an excellent resist for patterning 
surfaces for microfluidic channels188 and in MEMS technology191. Next to direct 
microfluidic channel fabrication in SU-8, channel structures can be fabricated 
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using a template structure negatively replicated with a thermo-responsive 
polymer (see Figure 7, left path), e.g. PDMS. The details of this technique, called 
soft lithography, will be discussed in the following paragraph. Next to fabrication 
of microfluidic patterning of surfaces using optical lithography, another focus in 
 
Figure 7: Optical lithography protocols for fabrication of PDMS-based microfluidic 
channels (left track) and metallic electrode deposition (right track). Left track: Usage of 
negative tone SU-8 as master structure and PDMS as channel material. Here, PDMS 
forms a negative replicate of the channel structure which can be sealed on e.g. glass or 
silicon substrates. Right track: Fabrication of a sacrificial layer via the resist AZ5214E, 
followed by thermal metal deposition. After resist removal, only metal areas remain which 
were directly evaporated on the substrate. 
this technique is set on the fabrication of microelectronic patterns. Here, 
structured UV-sensitive polymers are used either as a protective mask for 
underlying layers during etch processes or as sacrificial layer during lift-off 
processes. In this, the patterned surface is evaporated with e.g. metals, followed 
by removal of metal-covered resist. Thus, only the areas where the metal was 
evaporated will remain on the surface (see Figure 7, right path). The resistive 
characteristics of SU-8 disqualifies it to be the resist of choice of these protocols, 
i.e. as protective and sacrificial layer, since it cannot be gently and easily removed 
from the protected layer or from the substrate. Further, for lift-off processes, 
vertical side walls are not preferred since it can easily cause defects during resist 
removal since the metallic layer is continuously covering the substrate leading to 
limited penetration of removal solvent into the resist. Here, resists showing 
undercut structures at their edges are preferred since they circumvent continuous 
metal coating, making lift-off more reliable192. In the presented work, the resist 
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AZ5214E was utilized for metal lift-off processes, since it showed adequate 
undercut edge at reasonable height, while SU-8 was used as template structure 
for microfluidic channels. AZ5214E resembles a mixture of novolak resin and 
naphthoquinone diazide making it usable in both positive and negative tone193. 
Next, the experimental procedure for micropatterning of these two resists is 
described.  
3.2.3.1   Microelectrode patterning 
For microelectrode patterning, substrates were coated with the image-reversal 
resist AZ5214e at 3400 rpm for 1 minute resulting in an approximately 1.5 µm thick 
film. After baking for 1 minute at 110°C the resist was illuminated through the 
respective mask for 1 second (MJB4, SÜSS MicroTec SE, Germany). 
Subsequently, the substrate was heated at 120°C for 2 minutes. Following flood 
exposure for 30 seconds and development in pure AZ726MIF solution for 30 
seconds patterned the resist in a negative fashion. 
3.2.3.2   Microfluidic patterning 
Table 5: Baking protocols for SU-8 based UV lithography on silicon substrates 
Pre Baking 
Temperature 
Time Post Bake 
Temperature 
Time 
65°C 1 min 65°C 2 min 
Up to 95°C 3 min Up to 95°C 3 min 
95°C 3 min 95°C 6 min 
 
In order to fabricate master structures for soft-lithography procedures, a common 
silicon wafer was cut into proper geometries using a diamond and cleaned 
afterwards thoroughly with acetone and isopropanol. Firstly, the substrate was 
coated with the adhesion promotor TI-Prime at 4000 rpm for 60 seconds and 
baked at 110°C for 1 minute. Following, a 15 µm thick layer of SU-8 was 
spincoated on the silicon substrate, prebaked at 95°C for 3 minutes and exposed 
to UV light for 7.5 seconds. After subsequent baking at 95°C for six minutes, the 
resist was developed in pure mrDev600 solution for three minutes. Finally, the 
structure was postbaked at 150°C for 1 hour. On table 5, a detailed description of 
the baking times can be seen. 
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3.2.4 Soft lithography 
Soft lithography represents a lithographic technique for manufacturing nano- and 
microstructure by replica molding at low costs. Here, the central point depicts the 
fabrication of a patterned elastic stamp, formed from a negative master structure, 
e.g. UV-lithographically patterned SU-8 on a planar substrate. During fabrication, 
the stamp’s material is poured over the master structure and crosslinked, forming 
a negative replicate of the structure. The most prominent elastomeric stamp 
material is Poly(dimethylsiloxane) (PDMS) since it is fluid at room temperature, 
can be easily crosslinked and is able to replicate features down to 30 nm194. Next 
to a broad range of applications for utilization of these stamps for e.g. pattern 
transfers, microcontact printing and replica molding195, they can be directly used 
as microfluidic channel structures. Its simple processing protocols as well as 
chemical and mechanical properties makes this polymer suitable for microfluidic 
applications with respect to fabrication of MEMS and biomedical 
applications196,197. It is biocompatible, non-fluorescent, transparent, permeable to 
gases as well as chemically inert and thermally stable198. A big advantage to use 
PDMS in microfluidics is its ability to conform to surfaces thereby tightly sealing 
the channels. Further, its hydrophobic nature by exposed methyl groups on its 
surface can be altered to ultra-hydrophilic behavior by treatment in oxygen 
plasma. This plasma-induced formation of –OH groups on the PDMS surface can 
be additionally utilized for permanent sealing of a channel system on silicon-
based surfaces by covalent bonds formed during condensation reaction when 
both treated surfaces come into contact199,200 under the emergence of water. On 
the following figure, a schematic illustration of the covalent bonding mechanism 
of plasma-activated PDMS on a common SiOx glass surface can be seen. 
In this work, the master structure, fabricated by UV-lithography, is replicated using 
the polymer PDMS. By pouring PDMS over the master structure with a following 
curing step at elevated temperatures, a negative replicate was created. For the 
fabrication of the microfluidic channel geometry, PDMS was mixed with its curing 
agent in a 6:1 ratio, granting high stability and less probability for channel collapse 
during alignment procedures, and mixed well using a plastic stirrer. Subsequently, 
the mixture was vented in the vacuum oven for 10 minutes to remove air bubbles 
occurred during mixing. Now, degassed PDMS mixture was poured over the 
master structure. To prevent leakage of the liquid PDMS, a self-made metal frame 
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was put around the replicated structure. After pouring, it was cured overnight at 
70°C on a hotplate. After hardening, cured PDMS was removed from the silicon 
wafer and cut into proper geometry using a scalpel and channel in- and outlets 
are punched through the cell using a biopsy needle. Finally, the microfluidic 
channels were cleaned by a rinsing step in isopropanol and gently dried using a 
nitrogen stream. Following, both PDMS and substrate were activated in oxygen 
plasma for 5 seconds at 40 W and 1 mbar. Next, the two surfaces were carefully 
pressed together, triggering the condensation reaction of activated Si-OH on the 
PDMS and substrate surface, forming a covalently Si-O-Si bond. 
 
Figure 8: Plasma-activated covalent bonding of PDMS to glass. Here, oxygen plasma 
generates -OH groups on the surface of PDMS. If the two surfaces are brought into close 
contact, a spontaneous condensation reaction takes place, thereby forming a covalent 
oxygen bond between the silicon atoms of both substrates under the emergence of 
water. 
3.3 Thermal deposition of metals 
Substrates were cut into the proper geometry using a diamond pen. Following, 
they were cleaned thoroughly using the cleaning protocols with acetone, 
isopropanol, RCA1 and RCA2. Prior to thermal evaporation, substrates were 
additionally cleaned in oxygen plasma for 5 minutes. After preparation, they were 
fixed on a metal holder and transferred to the evaporation device. At high-vacuum 
conditions (5-7x10-7 mbar) a thin Cr adhesion layer was evaporated (5 nm) at a 
deposition rate of 0.1  Å/s followed by an Au layer (50 nm) with a rate of 0.5 Å/s 
(Univec 300, Leybold Dresden GmbH, Germany). After the evaporation process, 
the substrates were additionally heated at 200°C on a hotplate for 2 hours to 
additionally clean the surface and remove organic residues and microcracks in 
the gold layer.  
Additionally, after metal deposition including a sacrificial resist layer, the substrate 
was carefully removed from the metal holder and immersed in acetone. By gently 
shaking on a tilting table for 30 minutes, the resist was stripped off. Following, the 
substrate was cleaned in isopropanol and gently dried using nitrogen. Lastly, the 
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newly deposited metal layer was annealed for 2h at 200°C in low vacuum 
conditions. 
3.4 APTES functionalization 
Oxide surface were functionalized to enable new properties for later experiments. 
In this, they were either activated in oxygen plasma (100 W for 30 seconds) or 
incubation in 1 M NaOH for 1 hour. After cleaning and surface activation, the 
surfaces were incubated in liquid solution, containing the active molecule. In this 
work, APTES was used to grant the surface higher hydrophobicity and lower 
surface energy. APTES solution was mixed with deionized water and ethanol in 
a ratio of EtOH: H2O: APTES = 100: 5: 2 and left at room temperature for 10 
minutes. Following, the activated substrate was immersed into the silanization 
mixture for 1 hour under gentle shaking. Next, the substrate was washed three 
times with pure EtOH and left for 15 minutes at 130°C on the hotplate. For APTES 
functionalization of microfluidic channel, the PDMS-substrate chip was carefully 
flushed with APTES solution after bonding at saturated environment. 
3.4.1 Fluorescent labeling of APTES 
In order to label APTES, the silanized surface was incubated for 1 hour in 
10mg/mL succinic anhydride firstly dissolved in dimethyl sulfoxide (DMSO) and 
diluted 1:10 in 200 mM boric buffer. This incubation resulted in an opening of the 
ring structure. Following, the substrate was carefully rinsed in borate buffer and 
activation was carried out by incubation for 10 minutes in 10mM  
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 5mM  
N-Hydroxysuccinimide (NHS) both dissolved in 1x PBS buffer. Subsequently, the 
surface was incubated for 1 hour in 1x PBS with 20 µM of FITC-labeled DNA. 
Finally, the functionalized surface was washed again with fresh PBS and 
observed under the fluorescence microscope. 
3.5 Measurement devices 
In this work, two main approaches for microfluidic integration of nanostructures 
for sensing are presented. Namely, the conjunction of droplet-based microfluidics 
and silicon nanowire field effect transistors and the dynamic impedimetric 
detection of microanalytes using gold nanowires. In the following, the 
measurement setup for these two fabricated device are presented.  
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3.5.1 SiNW FET measurements 
SiNW FETs were contacted by connection of the respective contact pads (gate 
(G), source (S) and drain (D)) using micromanipulators equipped with tungsten 
needles, connected to a sourcemeter (see Figure 9, panel A, middle). Here, the 
chip was placed under a stereomicroscope for simple contact pad connection via 
the manipulators and for observation of droplet formation and propagation. A 
 
Figure 9: Measurement setup for SiNW droplet detection and EIC detection of micron-
sized objects. In both setups, liquids are actively manipulated using a micropump device 
and the connection was carried out using micromanipulators. (A) Electric signal 
generation and response capture was carried out using a sourcemeter, connected to a 
computer and controlled by a MatLab code for SiNW FET measurements (top). For 
impedance output data collection, a lock-in amplifier was used for direct readout and 
data capture (top). Following, the data was transferred to the computer for analysis. (B) 
Schematic illustration of electrical and microfluidic connections to SiNW sensors and for 
(C) impedance sensors. 
sourcemeter (2604B, Keithley Corp., USA) was utilized to generate and measure 
currents and potentials passing through the micromanipulators and the 
connected FET (see Figure 9, top, right). It was controlled by a MatLab code for 
acquiring time-dependent ISD measurements at constant VGS as well as transfer 
characteristics at constant VSD. For FET characterization measurements, VGS 
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was swept from -2 V to +2 V in both directions, while droplets were detected at 
constant VGS = 1 V and VDS = 0.25 V in the time domain. Liquids (disperse aqueous 
phase and continuous immiscible phase) were actively pumped using a syringe 
pumping device (neMESYS 290N, Cetoni GmbH, Germany) which is able 
manipulate 4 syringes independently using a computer (see Figure 9, top, left). 
Syringes were connected via teflon tubes to the PDMS channel system, attached 
to the FET chip (see Figure 9, panel B).  
3.5.2 Electrical Impedance cytometry measurements 
EIC structures were contacted using micromanipulators connected to a lock-in 
amplifier (eLockIn205/2, Anfatec Instruments AG, Germany) able to generate an 
AC signal of arbitrary input amplitude and frequency (see Figure 9, Panel A, right 
panel). As for FET chip contacting, micromanipulators were utilized for 
connection to the electrode pads. Here, the chip was additionally placed under 
an optical microscope for contacting the electrode pads and for observation of 
the microfluidic focusing system (see Figure 9, panel A, middle). For 
characterization of the device in EIS mode, the AC frequency was swept between 
50 Hz and 20 MHz at fixed amplitude input signal (Vin = 0.5 V). Here, the deviations 
of the impedance amplitude and phase shift were recorded in two parameters as 
the variables Vout and Phase. Further, data collection of time-dependent signal 
deviations in both amplitude and phase shift was applied in dynamic 
measurements at constant Vin = 0.5 V and fixed frequencies of 100 kHz and 500 
kHz. As in the previous device, liquid manipulation was actively carried out using 
a pumping system (see Figure 9, top, left) using 3 independently controlled 
syringes for the focusing streams and analyte stream. After the experiment, data 
was transferred via an USB stick from the lock-in amplifier to the computer for 
analysis (see Figure 9, panel C).  
3.6 Bacteria and cell cultivation 
3.6.1 PBMC purification and treatment 
PBMCs from healthy donors (25-32 years old, female and male) and one patient 
diagnosed with acute myeloid leukemia (74, female) were obtained from 
Ethylenediaminetetraacetic acid (EDTA)-venous blood samples. Written informed 
consent was provided by the patient. Cell separation and experiments were 
performed immediately after blood drawing. PBMCs were purified from whole 
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blood using Ficoll-Paque PLUS density gradient centrifugation. After isolation, 
PBMCs were cultured in RPMI 1640 medium containing 1% antibiotic-antimycotic 
mixture and 10% heat-inactivated fetal bovine serum. Different staining for flow 
cytometry analysis were performed to detect the main PBMCs subpopulation on 
human ex vivo immune cells. Fluorescein isothiocyanate (FITC)- anti-CD3+ (SK7 
clone) for T cells, phycoerythrin cyanine7 (PE Cy7)- anti-CD20 (L27 clone) for B 
cells, allophycocyanin (APC)- anti-CD56 (B159 clone) for NK cells and 
phycoerythrin (PE) conjugated anti-CD14 (Mɸ9 clone) for monocytes. 
3.6.2 Bacteria cultivation 
Prior to cultivation, culture media and equipment was autoclaved at 121°C. The 
bacteria strains Bacillus subtilis, Escherichia coli, Lysinibacillus sphaericus and 
Sporosarcina ureae were propagated on individual agar plates (15 g/L agar, 8 g/L 
NB-medium Bacto Nutrient Broth) over night at 30°C. On the next day, three to 
five formed colonies were transferred to 15ml liquid media (5 g/L BactoTM 
Peptone) over night at 30°C under aerobic conditions and gently shaking. The 
next day, the grown bacteria were centrifuged for 5 minutes at 3000 rpm s⁄  and 
the nutrition media was exchanged with 0.1x PBS solutions. After re-suspension 
by short vortex intervals and manual shaking, the bacteria solution was ready to 
use and could be transferred to the microfluidic system.  
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4.   Compact nanosensors probe microdroplets 
4.1 Overview 
In the first part of the results, the fabrication, characterization and utilization as a 
biosensor for a novel platform, comprising droplet microfluidics and SiNW FET 
technology, is presented. Microfluidic droplets were created directly on chip using 
a conventional PDMS-based microfluidic channel system (see Figure 10). For the 
first time, electronic and optics-less detection of propagating aqueous droplets 
using SiNW FETs was demonstrated. After proof-of-concept experiments 
including detection of deionized water droplets with various volumes at different 
speeds, the droplet’s content was changed to a physiological relevant 
environment. Here, the aqueous phase was altered to PBS buffer solution at 
different pH values and ionic concentrations. In this, sensitivity towards 
physiological pH values (pH 4-8) and various molar concentrations of PBS buffer 
could be demonstrated. Finally, the novel sensing platform was utilized to track 
the kinetics of a chemical reaction, taking place in propagating droplets.  
 
Figure 10: Schematic illustration of the sensor device. The PDMS-based microfluidic 
system was covalently bound on the chip substrate, allowing formation and guidance of 
nanoliter droplets directly on the chip. After formation, the droplets were guided to the 
main channel, aligned over the SiNW FET devices for label-free and optics-less sensing. 
Here, the signal of the droplets was dependent on the pH value. Low pH values (acidic) 
of the droplets resulted in higher ISD current changes, when the droplet was passing the 
SiNW FET and vice versa for high (alkaline) pH values. 
4.2 Fabrication 
4.2.1 SiNW FET fabrication 
The fabrication and characterization of the sensing device, namely the SiNW FET 
chip, was carried out and described in detail in the work of Pregl et. al201 in 
cooperation with the NamLab gGmbH Dresden202. Briefly, the silicon nanowires 
were grown using gold nanoparticles (19 nm in diameter) as seeds on a silicon 
substrate by chemical vapor deposition. Following, they were transferred by 
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contact printing technique on the silicon chip substrate resulting in parallel aligned 
arrays of nanowires. Next, the contact electrodes, consisting of nickel, were 
deposited on the substrate by lift-off strategy. Here, the geometry consisted of 
interdigitating finger electrodes which contacted the silicon nanowires to the 
source and drain. Next, an atom-sharp NiSi2-Si Schottky junction was formed by 
a silicidation process within in the intrinsic nanowires. These Schottky barrier- 
 
Figure 11: General Fabrication of the SiNW FET: (A) Silicon nanowires were transferred 
on the substrate and contacted by nickel electrodes. (B) CVD deposition of the Al2O3 
oxide layer with a thickness of 20 nm and equipment with an Ag/AgCl top-gate electrode. 
(C) APTES silanization for improved pH sensitivity. (D) Microfluidic integration of the chip. 
FETs showed a preferred p-type polarity, demonstrating a Schottky-barrier height 
of 0.66 eV for electrons and 0.45eV for holes. Finally, the device was passivated 
by a 20 nm thick Al2O3 layer (see Figure 11, panel A and B).  
4.2.2 SiNW FET modification for top-gate sensing 
In order to measure a stream of discontinuous liquids, guided over the FET, the 
gate electrode was directly deposited near the source-drain electrodes on the 
passivation layer, consisting of a 5 nm Cr adhesive layer and 50 nm Ag layer, 
deposited by thermal evaporation. Following, the deposited silver on the surface 
was transformed into silver chloride (AgCl) by applying an electrochemical 
reaction. Here, the silver electrode was covered with a drop of 0.1 M KCl solution 
and connected to the sourcemeter while the droplet was connected by a platinum 
wire. Applying a constant current of 1 µA for 1 minute, the chloride of the solution 
diffused into the silver, forming a layer of AgCl at the electrode surface (see Figure 
11, panel B). Further, the chip was functionalized with APTES since it additionally 
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improves the sensitivity towards alterations in the pH value of the environment by 
(de-)protonation of its amino-group203 when functionalized on the SiNW FET chip 
(see Figure 11, panel C). Thus, pH values changes in the environment also 
modulate the charge density based on the amino-group of APTES thereby 
influencing the conduction channel formation of the FET. Finally, the chip was 
equipped with a microfluidic channel for direct formation and detection of 
microfluidic droplets on chip (see Figure 11, panel D). 
4.3 Electrical characterization 
Prior to droplet sensing, the response of silicon nanowire field effect transistors 
was tested in dependence of different liquid environments, which were used as 
continuous and dispersed phase in droplet configuration, namely mineral oil and 
deionized water. In addition, the effect of the additional Ag/AgCl top-gate 
electrode was evaluated being in contact with the liquid phases. On the following 
figure, the transfer characteristics of both back-gated (right) and top-gated SiNW 
FETs, covered by a drop of conductive (deionized water) and non-conductive 
(mineral oil) media, can be seen. For top-gated FETs, a clear difference in the 
transfer characteristics for gate voltages (VGS) between +2 V and -2 V could be 
observed. Here, the source-drain current of the conductive medium (green, 
deionized water) showed a clear difference from non-conductive medium (black, 
mineral oil). This effect is attributed to the impact of the medium conductance 
which influences the efficiency of surface charge accumulation of 
 
Figure 12: Transfer characteristics of top-gated and back-gated SINW FETs covered 
with a drop of conductive (water) and non-conductive (mineral oil) medium: (A) Source-
drain current in dependence of the top-gate voltage. A clear difference for conductive 
(water) and non-conductive (mineral oil) media could be observed. (B) Source-drain 
voltage in dependence of the bottom gate voltage. The impact of the surrounding 
medium is less pronounced; the FET demonstrated p-type behavior. 
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the electrical double layer and modulates therefore the conductivity of the FET. 
In the top-gate configuration, the ionic phase influences the effect of channel 
opening as soon as a gate voltage was applied. In this, the SiNW FET stood in 
on-state for deionized water and in off-state for mineral oil over the complete 
range, given by the different conductivities of the liquids. In contrast, if the FET 
was controlled via back-gate, the covering liquid was barely influencing the 
transfer characteristics of the FET, since the electron channel opening was 
controlled from the bulk, representing a MOSFET configuration (see Figure 12, 
panel B). In this, the SiNW FET showed excellent p-type switching behavior in 
off- and on state over four magnitudes. For following experiments, top-gate 
modulated FETs were used due to their higher sensitivity of surrounding media 
by direct contact of the gate electrode to the medium. 
4.4 Flow-focusing droplet generation 
4.4.1 Flow-focusing geometry 
For droplet generation, a flow-focusing structure was employed which geometry 
enables cutting of the droplet phase by arising capillary instabilities of the stream 
caused by the continuous liquid flow. After the flow-focusing geometry, a rhombus 
structure was placed to see a clear droplet formation for later characterization. 
Following, long microfluidic serpentine structures for a better observation and 
characterization of moving droplets were introduced, ending in an outlet structure 
(see Figure 13, panel A and B). Microfluidic structures were fabricated in PDMS 
by standard soft-lithography approach with a channel width of 300 µm and 
channel height of 15 µm using the UV-photoresist SU-8 (see Figure 13, panel C), 
as described in Chapter 3.2.3 and 3.2.4. Finally, the chosen substrate for simple 
observation and characterization was a common borosilicate-based microscope 
slide. Here, both PDMS channel system and glass were covalently bound using 
oxygen plasma treatment (see Figure 10, panel D). Further, in order to guarantee 
stable droplet formation and propagation through the system, all channel walls 
had to be homogeneously rendered hydrophobic to minimize interaction between 
the aqueous droplets and the channels. For this, the channels were directly 
flushed after sealing with a solution containing 2% APTES in ethanol (described 
in detail in Chapter 3.4). Doing so, the channel walls (comprised of glass and 
PDMS) were functionalized with the aminosilane since they remained activated 
by the plasma treatment. Here, the surface was homogeneously rendered 
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Figure 13: Droplet microfluidic design (A) Microfluidic channel system designed by 
WieWeb’s CleWin with a channel width of 300 µm. Injection of continuous phase (yellow 
arrow) and discontinuous phase (blue arrow) by larger round geometries. (B) Close-up 
of the flow-focusing structure. The discontinuous stream (blue) is cut into homogeneous 
droplets by the discontinuous stream (yellow) coming from left and right. (C) SU-8 based 
master structure on a common silicon wafer with a height of 15 µm. (D) PDMS channel 
system fabricated by soft lithography. The negative replicate was covalently sealed to 
the glass substrate by oxygen plasma treatment. 
Hydrophobic by exposed amino-groups on the channel walls, which could later 
be observed by low interactions of aqueous phase and the channel walls. Prior 
to its integration on the SiNW FET chip, the behavior of the designed microfluidic 
structure was evaluated with respect to the general capability to generate droplets 
at various speeds and volumes. Here, special attention was drawn onto its 
capability to generate aqueous droplets at reasonable volumes and 
corresponding lengths (compared to the FET structure length) as well as 
homogeneity of the individual droplets, without unwanted droplet splitting or 
trapping within the channels. For this, the functionalized ready-to-use flow cell 
(see Figure 11, panel D) was placed under a conventional inverted microscope 
and its inlets were connected to syringes with the respective liquids via teflon 
tubes. The following figure depicts a close-up of the flow-focusing region of the 
microfluidic geometry (top) as well as one propagating droplet in the serpentine 
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structure (bottom). In this, the water phase (Figure 14, panel A, blue arrow) was 
actively pushed towards the crossing structure, where mineral oil is pushed from 
the bottom and top channel (yellow arrows). Additionally, the mineral oil phase 
was probed with a surfactant agent, namely Span-80® at a concentration of 2%. 
The stabilization of the liquid surfaces allowed homogeneous and stable droplet 
formation as well as controlled droplet propagation within the channels without 
breakage or fusion of single droplets even if they came in close contact. In the 
presented example, both flow rates were set to 1 µl min⁄ . By occurring capillary 
instability of the water phase as it is pushed through the crossing structure by the 
oil phase, the aqueous phase is cut into homogeneous isolated droplets one after 
another (as described in Chapter 2.4.2). Utilizing this geometry and flow rates, 
emerging droplets were formed within approximately 1.5 seconds, moving at a 
speed of 15 µm ms⁄  through the serpentine structure. Here, the droplet formation 
rate was approximately at 1 Hz and could be increased up to 10 Hz (see Chapter 
4.5) by increase of the absolute values of both flowrates. Further, the water 
droplet propagation can be seen on Figure 14, panel B. Due to usage of a 
surfactant agent and hydrophobization of the channel walls, droplets showed a 
semi- circular and well-defined flow profile as they move in the channel. 
 
Figure 14: Microfluidic droplet formation and propagation: (A) Droplet formation of the 
deionized water phase (blue arrow) were cut into homogeneous and isolated droplets by 
the oil phase (yellow arrows). (B) Droplet propagation in the channel. Channel surface 
hydrophobization led to formation of a defined semi-circular flow profile of the droplet. 
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4.4.2 Flow-focusing droplet characterization 
In order to evaluate if the aqueous droplets, generated by the microfluidic 
structure, were feasible for being detected by the SiNW FET, the range of droplet 
volumes which could be generated was analyzed. Here, the FET sensing area 
was located at 380 µm length x 425 µm width. For this, the microfluidic cell was 
filled with deionized water and mineral oil as described in the previous chapter. 
Since volumes of emerging droplets are only dependent on the flow ratio between 
water and oil streams ( Qwater Qoil)⁄  at fixed channel geometries, only the ratio was 
altered in order to manipulate the droplet volumes. After generation, droplets 
were recorded as they propagate through the channel system and analyzed with 
image processing software “Fiji Is Just ImageJ” (Fiji)204. For each applied flow 
ratio, the volumes of 20 droplets were measured, taking into account a constant 
height of the droplets of 15  µm in the channels. The length of the droplet was 
measured from the very edges of the droplets, i.e. from the front apex till the tail 
of the moving droplet. In the following figure, both volume and length dependence 
on the applied flow ratio of water and oil streams Qwater Qoil⁄  can be seen for flow- 
focusing structure with a channel width of 300μm. As expected, both volume and 
 
Figure 15: Dependence of droplet volume and length on the flow ratio of continuous and 
dispersed phase. Each data point represents the mean value of 20 measured droplet 
volumes and lengths. (A) Reproducible droplet volumes ranged between 1.7 nl for the 
smallest ratio (0.04) to 12.9 nl for the highest ratio (1.2). (B) Corresponding droplet 
lengths of the propagating droplets, ranging from 189.4 µm to 1443.4 µm for the smallest 
and highest applied ratios, respectively. 
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length of the droplets increased if the ratio was increasing, at low deviations within 
the same applied ratio over the full range (depicted as the standard deviation). 
Here, the smallest droplet volume which could be observed and generated at 
reasonable reproducibility, was found at 1.7nl for Qwater Qoil⁄ = 0.04, while the 
highest reasonable volume was located at 12.9nl for Qwater Qoil⁄ = 1.2 (see Figure 
15, panel A). In this, the lengths of droplets were directly proportional to the 
droplet volume, since they moved in a channel with fixed values for height and 
width. They ranged from 189.4 µm to 1443.4 µm for the mentioned smallest and 
biggest volume, respectively (see Figure 15, panel B). In conclusion, the 
designed and fabricated droplet-based microfluidic geometry demonstrated its 
capability to be integratable on the SiNW FET chip, since it offers stable droplet 
generation at low volume deviation between single droplets of the same applied 
ratio. Further, it granted reasonable volumes and lengths of emerging droplets as 
they passed through the serpentine structure when compared to the dimension 
of the SiNW FETs. 
4.4.3 Microfluidic integration 
Subsequently, the microfluidic system was directly integrated on the SiNW FET 
chip for label-free sensing microfluidic droplets. The fabricated chip consisted of 
an array of SiNW FETs, aligned in the middle of the chip, having their contact 
pads on two sides of the substrate. Additionally, large arrays of test structures 
were present on the substrate, which have not been used in the experiment and 
were removed from the design in silico for simpler demonstration. Further, the 
initial microfluidic design was slightly modulated, i.e. the serpentine structure was 
replaced by a straight channel, which was precisely aligned over the FET 
structure (see Figure 14, panel A). In this, the aligned main channel geometry 
covered both in interdigitating finger electrodes for source and drain, connected 
by silicon nanowires, and the surrounding Ag/AgCl top-gate electrode (see Figure 
13, panel A, B and C). Here, a strong attachment of the PDMS polymer and the 
Al2O3 passivation layer for a correct droplet formation and prevention of liquid 
leaking had to be guaranteed. Experiments demonstrated, that the condensation 
reaction of Al2O3 and PDMS surface was possible, but less efficient than on 
common glass slides or silicon wafers and required overnight incubation at 
elevated temperatures. Thus, channel hydrophobization by immediate flushing 
after oxygen plasma treatment became impossible since the microfluidic cell 
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showed strong leakage after contacting to the chip. Thus, the substrate had to be 
functionalized prior to plasma treatment. Since APTES does not to every single 
exposed –OH group on oxide surfaces205, plasma activation and covalent binding 
of PDMS still remains possible. After oxygen treatment of both the APTES-
functionalized FET chip (see Chapter 3.4) and PDMS channel system, the main 
channel was carefully aligned using a stereo microscope and the substrates were 
pressed together. In order to increase the strength of the covalent binding by the 
condensation reaction when the surfaces come in contact, the integrated 
 
Figure 16: Integration of droplet microfluidics and SINW FETs: (A) Alignment of the 
modified channel geometry on the chip. The main channel was carefully aligned over the 
FET structure, covering both source and drain electrodes (grey) and top-gate electrode 
(green). (B) Microscopy image of the SINW FET. Source and drain electrodes (white) 
had an interdigitating geometry for a better connection of the silicon nanowires. The gate 
electrode structure was surrounding the source and drain electrodes and appears black 
after functionalization to Ag/AgCl. (C) SEM image of the interdigitating microelectrodes 
source and drain, connected by vertically aligned silicon nanowires (D) Real-life 
appearance of the integrated chip. Droplets could be directly generated and sensed on 
chip. (E) APTES fluorescent labeling with an amino modified fluorescent DNA (sequence: 
5’ – NH2-(CH2)6-CAC ACT CTG TCA ACC TAC – 3’ – FITC) of a blank Al2O3 and silver-
coated Al2O3 surface. APTES was able to bind only on Al2O3 (right side) but not on silver-
covered parts (left side). 
microfluidic chip was kept at 75°C overnight on the hotplate and fixed with a little 
weight to ensure contact of the two surfaces. This strategy allowed direct droplet 
formation and sensing of propagating droplets on the chip (see Figure 16, panel 
D). Further, efficiency of APTES silanization on the SiNW FET substrate was 
tested by fluorescent labeling of the silane (see Chapter 3.4.1). In addition, it was 
essential to demonstrate that APTES did not bind to the top-gate electrode 
material (Ag), since it could influence the gate coupling of the gate electrode. 
Thus, an Al2O3 covered silicon wafer, partially covered with a 50 nm thick silver-
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layer, defined by common optical lithography, thermal evaporation and following 
lift-off technique, was silanized with APTES, labeled and imaged under the 
fluorescence microscope (see Figure 14, panel E). The pattern clearly showed, 
that APTES is able to bind on Al2O3, but is not able to bind on the silver-coated 
surface. 
4.5 Deionized water droplet sensing 
In order to evaluate the FET’s response when the surrounding medium was 
altered, namely the propagation of an aqueous microfluidic droplet in an oil carrier 
phase, a single big droplet was formed in the flow-focusing region. In the following 
figure, the response of the FET can be seen when the droplet comes into contact 
with the FET. Additionally, the impact of the top-gate electrode was evaluated by 
comparison of the FET response controlled by the back-gate. In both gate 
configurations, the current between source and drain electrode (ISD) was 
measured in real-time at constant gate voltage (VGS = 1 V) and source-drain 
voltage (VSD = 0.25 V). In the top-gate configuration, the FET showed a stable 
baseline when covered with non-conductive mineral oil at approximately 2.4 µA 
(see Figure 16, top panel). As soon as the droplet arrived, a short positive peak 
could be observed which then equilibrates in a plateau signal, when the water 
droplet was completely covering the FET, located at approximately 2.5 µA. Here, 
the origin of the peak was based on the required time for the top-gate electrode 
to build up a potential in the new phase. Finally, when the droplet left the FET, the 
signal went back to its initial baseline value. For back-gated FETs the impact of 
changing the liquid environment could also be observed but less pronounced, 
since the gate electrode (in this configuration the bulk) was not in contact with the 
liquid environment and is thus not modulated by the electrical properties of the 
surrounding medium. Here, the oil baseline signal was found to be at 5 nA while 
the water signal was at around 7 nA (see Figure 17, bottom panel), showing a low 
signal-to-noise ratio. In this configuration, the control via the bulk turned out to be 
less efficient than from the top-gate electrodes, resulting in a measurement state 
of the FET in off-state configuration. During the experiment, it was not possible to 
switch the FET to the on-state, resulting in only few ISD modulations upon different 
ionic environments, which were only able to alter the current by direct interaction 
of ions in solution on the silicon nanowires. Because of the overall low current 
level and high noise, the top-gate geometry was used in all later experiments. 
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Figure 17: SiNW FET (top-gated, top; back-gated, bottom) response in the presence of 
non-conductive (mineral oil, black) and conductive phase (deionized water, blue). ISD of 
top-gated FETs shows a short positive peak when the water phase is arriving on the 
sensor and equilibrate into stable plateau when the water is completely covering the FET 
and is going back to its initial baseline signal when the phase is exchanged. Back-gated 
FETs show the same behavior (except the peak) but at very low current levels and low 
signal-to-noise ratio. 
Next, flowrates of continuous and dispersed were set to adequate flowrates (0.5 
– 1 µl min⁄ ) for creation of water droplets in the nanoliter regime at frequencies of 
1-2 Hz while detection was carried out in parallel. In this, the effect of volume and 
velocity of the droplets was investigated. On Figure 18, detection events of 
droplets with different volume and velocity can be seen. The droplet’s volume was 
altered by changing the ratio of water and oil flow rates resulting in droplet volume 
of 9.9 nl and 2.5 nl for ratios of 1 and 0.1, respectively. While the signal for higher 
volumes showed the characteristic peaks and plateaus, the plateau was not able 
to form for smaller droplets (see Figure 18, bottom, left). Here, the presence of 
the water droplet on the FET was too short and the top-gate electrode was not 
able to form a potential in the new phase. Thus, only the peak formation could be 
seen. The effect of peak and plateau formation dependent on the time period of 
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the droplet on the sensor will be discussed in Chapter 4.6.2. Following, the effect 
of velocity was investigated. Here, the highest velocity, which could be obtained 
without breaking of the system, was located at 12,7  µm ms⁄ . With a flow rate ratio 
of 1, a frequency of approximately 2 Hz could be observed with a droplet detection 
efficiency of 100%. Keeping the flow rate ratio constant, lower velocities reduced 
 
Figure 18: Effect of droplet volume and velocity on the detection signal: (A) Effect of 
droplet volume: While for bigger droplets both peak and plateau signal could be seen, 
the plateau was not able to form for small droplets. (B) Effect of droplet velocity: Also for 
the highest observable flow rate, a complete droplet signal was observed, if the droplet 
was big enough. The detection efficiency was located at 100%. 
the frequency to approximately 0.5 Hz with the same detection efficiency. Further, 
the capability of the device to a higher throughput was demonstrated by detection 
of droplets at different frequencies. In this, droplet frequencies up to 10 Hz could 
be achieved by carefully increasing both water and oil stream flow rates (see 
Figure 19). However, at higher frequencies, only the peak signal of the droplets 
could be observed. Applying higher flowrates causing more than 10 Hz droplet 
formation caused defects in the droplet formations by oil leakage into the water 
inlet and non-homogeneous droplet formation. While the SiNW FET was able to 
detect every droplet at every achieved frequency, the throughput limit is set by 
the microfluidic design. In order to achieve faster droplet formation, the 
microfluidic channel geometry has to be optimized. 
4.6 Phosphate-buffered saline (PBS) droplet sensing 
4.6.1 Influence of the droplet’s ionic concentration  
In order to optimize the droplet detection and to strengthen the platform’s impact 
in biological assays, the droplet’s liquid was exchanged from deionized water to 
conventional buffer liquid, namely phosphate-buffered saline (PBS). PBS is 
commonly used in biological assays and research, which is able to establish a 
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constant pH in liquid environment and consists of disodium hydrogen phosphate 
(Na2HPO4), sodium chloride (NaCl), potassium chloride and potassium 
dihydrogen phosphate (KH2PO4). The most common ionic concentration is set at 
10 mM (1x), which matches the ionic environment of the human body, where the 
strongest impact is caused by NaCl (137mmol/l). The comparison of one single 
droplet detection of deionized water and 0.1x PBS can be seen on the following 
figure. For deionized water, the plateau signal for the droplet was not well defined 
 
Figure 19: Droplet detection at frequencies ranging from 3 to 10Hz. In this, the 
microfluidic channel geometry was not able to achieve higher droplet rates and it is 
thereby the limiting factor in the spirit of high-throughput detection. 
and had a negative tendency to the oil baseline level till the droplet was leaving 
the sensor. In comparison, the increase of the ionic concentration in the droplet 
phase caused a quick and stable formation of the droplet signal after few tens of 
milliseconds (see Figure 20). Here, the arrangement of a stable baseline was 
based on the formation of a stable potential between the Ag/AgCl top-gate 
electrode and the semiconducting nanowires. With a liquid layer between them, 
the accumulation of charges/holes at the oxide surface was dependent on the 
ionic strength of the liquid layer and became strongly stabilized by the presence 
of ions in the liquid. While for deionized water no ions were present, there was a 
high amount of ions in PBS, mainly introduced by the salt NaCl. Thus, this 
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introduction of ions into the droplet phase granted defined formation of the droplet 
signal and increased the impact of the developed platform in the spirit of biological 
assays, tests and research. In the following, the droplet size and velocity was 
analyzed in context of stable plateau formation. Here, the combination these two 
parameters can be expressed as the time of the droplet on the sensor.  
 
Figure 20: Direct comparison of droplet plateau formation with different ionic 
concentrations of the dispersed phase. While no stable plateau signal formation could 
be observed for non-ionic liquids (deionized water, left side), a stable plateau formation 
after few tens of milliseconds could be observed for higher ionic liquids (0.1x PBS, right 
side). The formation of a stable plateau signal was related to the formation of a stable 
potential between top-gate and source electrode. Here, the gate coupling to the 
semiconductor was strongly improved for ionic liquids.  
4.6.2 Plateau formation in dependence of the droplet’s settling time 
Subsequently, the impact of the time duration of the dispersed phase on the FET 
sensor was evaluated. Here, this time was directly proportional to the droplet size 
at fixed velocity. For deionized water, three different droplet volumes were 
analyzed with respect to the ratio of plateau signal and peak signal. In this, the 
volume could be also expressed in length of the droplet since they are confined 
in a fixed geometry (300 µm channel width and 15 µm height). The analyzed 
volumes can be seen on the following figure and were set to: 1.9 nl, 3.7 nl and 9 
nl. With respect to the sensor geometry, 1.9 nl droplets were approximately as 
long as the sensor, 3.7 nl droplets were slightly longer, while 9 nl droplets were 
able to cover the whole FET for a longer period, indicated by the yellow area in 
Figure 21, panel A. In this, the ability to cover the FET completely directly 
reflected the formation of a plateau signal. In the sensing event, 1.9 nl droplets 
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were only able to cause a short peak in the source-drain voltage (ISD) and left the 
FET, before a stable potential in the new gate configuration was achieved. In 
contrast, 9 nl droplets were able to form a plateau since the droplet’s presence 
was long enough for an efficient gate coupling. Droplets, which were slightly 
longer than the sensor length (3.7 nl) resembled a transition point with a very 
weak droplet plateau signal. In order to quantify these observations, the peak-to-
plateau ratio was calculated. This parameter defines, if the droplet plateau signal 
is formed by demonstrating a stable appearance (see Figure 21, panel A, blue 
and red arrows). For deionized water a strong drift from higher to lower ratios was 
observed. For very small droplets, the ratio was rather high (1.016) showing that 
 
Figure 21: Analysis of the droplet size on the sensing efficiency: (A) Resulting signal of 
deionized water droplets of different sizes. Here, small droplets were not able to form a 
plateau signal of the droplet phase. (B) Accompanied visual comparison between droplet 
and sensor length. Here, 1.9nl droplets were as long as the sensor, 3.7nl droplets were 
slightly longer and 9nl droplets were able to fully cover the FET for longer time. 
Calculations of the peak-to-plateau ratio of both deionized water and PBS droplets 
demonstrated no stable baseline for deionized water droplets, while PBS droplets formed 
a stable plateau signal independently of their sizes. In this, the trend lines are only a 
guide for the eye. 
the plateau signal was very low and close to the baseline of the continuous phase. 
This ratio was decreasing for bigger droplet volumes demonstrating the formation 
of a plateau signal (see Figure 21, panel B, blue data points). For deionized water, 
no stable plateau signal for adequate droplet sizes was achieved since the peak-
to-plateau ratio was shifted even for droplets with higher length and got only 
stabilized for droplets, which were present for tens of seconds on the sensor (see 
Chapter 4.5, Figure 18). In contrast, droplets with higher ionic concentrations, 
namely 1x PBS droplets, were able to form a stable baseline independently from 
their droplet size (see Figure 21, panel B, red data points). Here, even for droplets 
which were shorter than the sensor, the ionic contribution was strong enough to 
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form a stable droplet plateau, reflecting in a stable peak-to-plateau ratio. Here, 
the PBS droplet detection was not limited by the microfluidic system but by the 
electrical performance of the FET. In conclusion, introduction of ions in the 
dispersed phase resulted in a stable droplet plateau signal and greatly enhanced 
the efficiency of the developed sensor platform. Further, for an efficient sensing 
of the interior droplet composition, the droplets had to form a reasonable plateau 
after the peak, which reflected the real signal of the droplet phase. Thus, following 
sensing experiments were carried out in a flow ratio of 1, resulting in PBS droplets 
of approximately 10nl. 
4.6.3 Droplet analysis by their ratio 
In order to strengthen the evaluation of the FET response towards propagating 
droplets, the current change of the nanowire FET platform was expressed in a 
dimensionless ratio between the current levels of the droplet signal and the 
mineral oil baseline signal. This strategy allowed analysis of microfluidic droplets 
independently of possible signal drifts during the measurement. A representative 
analysis can be seen on the following figure. Here, plateau signals of droplets 
(blue stars) were divided by the oil baseline signal (yellow stars) (see Figure 22, 
panel A). Doing so, a representative ratio representation of the two phases could 
be achieved. The calculation of the ratio was carried out using a histogram plot 
of 20 independent droplets in row. In this, the droplet’s plateau signal and the oil 
baseline signal could be identified based on their degree of presence: aqueous 
signal plateau level (see Figure 22, panel B right side) since the ratio remains 
stable in a distinct composition of droplets (Here: 1x PBS) and mineral oil level 
  
Figure 22: Representative calculation of the dimensionless ratio between droplet phase 
and oil carrier phase. (A) Raw data signal of 1x PBS droplets (blue stars) in mineral oil 
carrier phase (yellow stars) in a 1:1 flow ratio. (B) Accompanied histogram of the raw 
data. The peaks represent the signal values for mineral oil carrier phase (left) and 
droplets (right side). 
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(left side). Next to the change of the alteration of the droplet’s liquid to a biological 
buffer, the sensitivity of the device with respect to chemical parameters was 
explored, namely various pH values and molar concentrations of droplets in 
physiological environments. Here, pH changes in liquid bacterial environments 
can give insights into the metabolic activity of living organisms and act as an 
indicator of bacteria or cell survival (see Chapter 2.5.2). Here, a sensitivity 
towards different pH values of passing droplets on the sensor give rise to explore 
the survival of single isolated bacteria or several bacteria in droplets in presence 
of e.g. antibiotics or toxins. Second, tracking of the kinetics of chemical reaction, 
which alter the pH of the solution, can be achieved. Third, tracking of ionic 
concentrations represents a measurement method to track metabolites in 
solution as well as observation of bacteria and cell destroying components 
causing lysis of microorganisms. By this lysis, the highly ionic cell or bacteria 
cytosol206 will be exposed to the liquid media of the droplets causing an increase 
in the ionic concentration. In the following, both pH values and ionic concentration 
sensitivities were explored in physiological environments. 
4.6.4 Dependence on pH value 
For the evaluation of the FET response dependency on the pH value of droplets, 
different aliquots of 1x PBS solution (initial pH: 6) were modified with respect to 
their pH values by addition of either NaOH for higher pH values or HCl for lower 
pH values. Here, PBS aliquots were set to physiological relevant pH values 
ranging from 4-8. Following, the individual liquids were guided to the microfluidic 
system and the signal was recorded. In order to minimize contamination, which 
could influence the signal, approximately 25 µl of the individual PBS aliquots were 
pulled in a long teflon tube one after another and the experiment was carried out 
in one single run by continuous pushing of the droplet phase in the microfluidic 
system. Like in the previous droplet sensing experiments, the response signal of 
the FET (ISD) was recorded in dependence of the time at constant VG = 1 and VSD 
= 0.25. A composite plot of droplets with different pH values can be seen on the 
following figure (see Figure 23, panel A). Here, droplets with the highest pH value 
(pH 8) demonstrated the highest baseline level. As soon as the pH value of the 
droplets is decreasing, the baseline equilibrates at lower values, namely ~114.2 
µA for pH 8 and ~112.25 µA for pH 4. In this, all tested pH values showed different 
baseline values, making the device sensitive to the amount of H+ ions in solution 
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and giving rise to act as a biosensor. Further, also the numerical difference of 
discontinuous and continuous phase should be dependent on the pH values. 
Thus, the ratio of the plateau signal of the droplets with different pH values to the 
oil phase was calculated (see Figure 23, panel B). Here, a clear trend of the ratio 
in dependence of the pH values could be observed. As soon as the droplet’s pH 
values is increasing, the ratio of plateau to baseline was decreasing from a value 
of 1.0018 for pH 4 to 1.0013 for pH 8. By pure analysis of the ratio, the shift of 
the baseline can be neglected, giving rise to a distinct classification of pH values 
in droplets. Here, the difference of the sensor’s response to various pH values 
was additionally based on the device’ functionalization with APTES. In this, the 
 
Figure 23: Dependence of sensor response on the pH value of passing PBS droplets: 
(A) Higher pH values give rise to elevated baseline of the source-drain current of the 
FET. As soon as the droplet pH value is decreasing, the baseline is also shifted to lower 
levels. (B) Ratio analysis of droplets with different pH values by division of the plateau 
signal and its corresponding oil signal baseline. Here, droplets with higher pH values 
cause a decrease of the ratio. 
silanization of the sensor caused a layer of exposed NH3 groups on the surface. 
In presence of lower pH values, this group was protonated to NH4+ causing a shift 
of the energy bands between source and drain in the band diagram. Here, the 
bands were lowered causing a lower activation energy for electrons to travel from 
source to drain. This effect will cause an increase in the signal strength for lower 
pH values. In conclusion, the platform showed reliable sensitivity towards 
alterations of pH values in moving droplets and can thus be utilized for e.g. 
bacteria survival assays in droplets. 
4.6.5 Long time pH sensing experiment 
The developed combination of droplet microfluidics and silicon nanowire field 
effect transistors additionally supported long-time experimental data collection, 
as shown on the following figure. Here, the full data set from the experiment in 
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the previous chapter can be seen, where PBS droplets with various pH values 
were guided to the SiNW FET in one single run. Within a timespan of nearly one 
hour, the complete liquid phase was guided to the microfluidic system, cut into 
individual droplets and detected by the FET. Starting from a pH value of 8, the 
signal was significantly dropping when the next phase was guided into the 
system. Because of the absence of separation layers, the signal was gradually 
changing to the new level because of occurring diffusion between the phases in 
the tube. In total, around 6300 droplets were captured with a rate of approximately 
1 Hz. In this, the individual pH value levels were clearly visible, separated by a 
drifting region between the pH values. The experiment demonstrated that the 
sensor was able to be used in long-time experiments, essential for biological 
assays. After the measurement, the chip could be cleaned and reused several 
times. 
 
Figure 24: Longtime experiment of droplet sensing using SiNW FETs. In total, ~6300 
droplets were detected with a rate of 1 Hz in nearly one hour. The represented data 
showed the droplet signal for a series of PBS buffers with different pH values. Here, the 
signal was changing to the new phase level because of the lack of separation layers 
between the phases in the tube. Reference pH value of the individual phased was 
measured in advance with a conventional pH meter. 
4.6.6 Dependence on ionic concentration 
In addition to the evaluation of the sensor response in dependence of the droplets’ 
pH value, the influence of the ionic concentration on the FET response was 
evaluated. For this, PBS solution with a concentration of 10mM was diluted to 1 
mM, 0.1 mM and 0.01mM with deionized water (0.1x, 0.01x and 0.001x, 
respectively). Like in the pH value sensitivity experiment from the previous 
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chapter, probes of the different aliquots were pulled in a long tube, guided to the 
droplet phase and the sensor signal was recorded in dependence of the time at 
the same FET configuration. On the following figure, the sensor response can be 
seen for the different ionic concentration of PBS droplets. Here, the lower the 
molar concentration, the higher current level was, namely ~5 µA for 0.001x, ~4.5 
µA for 0.01x, ~4.4 µA for 0.1x and ~4 µA for 10 mM (see Figure 25, panel A). This 
effect was related to the Debye length in ionic environments. Here, higher ionic 
liquids formed a shielding layer around the semiconducting elements of the FETs 
by electrical attraction and repulsion of ions in the solution. In total, less charge 
carriers were present, when the ionic concentration was increasing, hindering an 
efficient gate coupling between gate and source electrode and resulting in a 
decrease of the current between source and drain207,208. This effect could be 
additionally seen in the analysis of the ratio between droplet phase and oil 
baseline signal. Here, the lower the ionic concentration, the higher the absolute 
difference between the two phases from a ratio value of 1.004 for 1x PBS to 
1.0204 for 0.001x PBS (see Figure 25, panel B). In summary, both pH value and 
ionic concentration of the microfluidic droplets had an impact of the sensor’s 
signal output, forming the backbone of an adequate sensor platform for biological 
assays, where these two parameters play an important role. 
 
Figure 25: Dependence of the sensor response of passing PBS droplets with different 
ionic concentrations. (A) The lower the ionic concentration of passing droplets, the higher 
is the absolute sensor signal level. Stepwise increase of the concentration showed 
stepwise decrease of the signal level. (B) Ratio of passing droplets and their 
corresponding mineral oil baseline level was also dropping, if the ionic concentration is 
increased. Here, higher ionic liquids resulted in a larger Debye-length between the gate 
and the silicon nanowire, causing a drop in the overall conductance of the FET. 
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4.7 Tracking of reaction kinetics in droplets 
4.7.1 Principle and setup of the glucose oxidase (GOx) enzymatic test 
In order to demonstrate the impact of the developed sensor platform for 
biochemical and biological assays, the kinetics of a chemical reaction in 
propagating droplets was tracked, namely the glucose oxidase (GOx) assay for 
the detection of glucose. The enzymatic reaction principle can be seen on Figure 
26. In the presence of oxygen, the enzyme GOx hydrolyzes glucose to D-gluconic 
acid, leading to a time-dependent acidification of the surrounding buffer. Next, 
this enzymatic reaction was coupled to a second reaction for a parallel optical 
observation. This reaction involved horseradish peroxidase (HRP) which oxidizes 
a chromogenic substrate like 3,3’,5,5’ tetramethylbenzidine (TMB) into TMBH2 in 
the presence of hydrogen peroxide (H2O2) formed during the initial reaction. This 
oxidation resulted in a color chance from clear to blue. For evaluation, the droplet 
phase was probed with glucose, GOx, TMB and HRP, and guided into the droplet 
inlet of the microfluidic system. Here, formed droplets from this solution were 
guided to the FET structure and the signal was recorded. For detection, the SiNW 
FET chip was replaced with a silicon-based FET chip, where the source and drain 
electrodes were not connected by straight silicon nanowires, but with 
honeycomb-structured silicon nanowires (HCNW), provided by our research 
collaborators at Pohang University of Science and Technology (POSTECH), 
“Department of Creative IT Engineering”209. In short summary, this platform 
consisted of 50 nm wide HCNW, defined by EBL on a SOI wafer, which was 
 
Figure 26: Enzymatic reaction principle in microfluidic droplets. The droplet phase was 
probed with glucose, glucose oxidase (GOx), horseradish peroxidase (HRP) and TMB. 
The reaction caused an acidification and a color change from clear to blue of moving 
droplets, where each droplet represents one specific time step of the reaction, when it 
passes the sensor. 
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connected to source and drain electrodes by 100 nm thick As-doped top-silicon. 
Further, the devices were equipped with a 200 nm thick silver gate electrode and 
passivated by a 500nm thick SiO2 layer. This geometry gave rise to higher current 
stability and higher signal-to-noise ratio at the exponential subthreshold voltage 
regime210–214. Since the reaction was continuing in droplets and they passed the 
sensor one-by-one, each droplet represented an individual time step of the 
reaction. 
4.7.2 GOx enzymatic assay 
Initially, the droplet phase was probed with 2 mM glucose in deionized water and 
2mM TMB in a ratio of 1:1 in phosphate citrate buffer (pH 7) containing 3.3% GOx 
and 1.6% HRP. Here, the percentage of enzyme was chosen to be at the same 
level by equilibration based on their enzymatic activities. Doing so, formed 
droplets in the microfluidic systems contained 1mM glucose and 1mM TMB. In 
advance, a reference measurement was carried out containing the signal 
collection of reference droplets with phosphate citrate buffer without GOx enzyme 
at different pH values and accompanied ratio calculation RDroplet/Oil (see Figure 27, 
panel B black line). In order to examine the pH value shift during the reaction, 
ΔRDroplet/Oil was calculated by subtraction of RDroplet/Oil of passing droplets during 
the reactions from the initial droplet-to-oil ratio before the reaction (R0). In this, R0 
was only valid for the observed reaction and possess positive values for 
alkalization processes and negative values for acidification processes (R0 = 
1.085, corresponding to a pH value of approximately 6) (see Figure 27, panel B 
blue line). Based on these calculations, the kinetics of the chemical reaction could 
be observed, containing a significant acidification of droplets when the reaction 
was happening as well as a re-equilibration to the initial pH value because of the 
buffer system. Here, the reaction and re-equilibration lasted for approximately 
100 seconds with a change of 2 pH values (see Figure 27, panel A and B). 
Regarding the parallel readout, a cold spectrum LED was focused onto the 
transparent fluorinated ethylene propylene (FEP) tubing containing the emulsion. 
For readout, a fiber coupled spectrometer was used for measurement of the 
absorbance. Here, the time-dependent color change of the solution acted as a 
filter blocking the yellow wavelengths of the LED causing a decrease in intensity 
(see Figure 27, panel C). Finally, the proof that the signal change was exclusively 
accompanied by the decomposition of glucose, the effect of the glucose 
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Figure 27: Label-free tracking of GOx reaction in multiple droplets: (A) Time-dependent 
change of pH in droplets, probed with the various chemicals, represented by the change 
of droplet-to-oil ratio. Enzyme-driven reaction of glucose to gluconic acid leads to an 
acidification of the droplets (pink region), followed by a re-equilibration of the pH by the 
buffer system. (B) Reference droplet -to-oil ratios of droplets with various pH values 
(RDroplet/Oil) and calculated pH changes in dependence of the droplet-to-oil ratio before the 
reaction (ΔRDroplet/Oil) (C) Accompanied color change of the solution in optical absorbance 
readout. (D) GOx assays in presence of various concentrations of glucose.  
concentration was evaluated in the range from 0 mM and 1 mM. Here, a clear 
dependency of the magnitude of pH changes to the concentration could be seen. 
While the highest concentration resulted in the most pronounced pH change, it 
was shrinking when the concentration was lowered (see Figure 27, panel D). 
4.8 Stable baseline by conductive carrier phase 
Further improvement of the combined platform included the formation of a stable 
baseline to improve sensitivity towards quick and large pH changes of 
propagating droplets. Since the level of the baseline of the described sensor was 
dependent on the pH value of the present droplet, it could not differentiate 
between e.g. two subsequent droplets with large differences in their pH values, 
since the baseline needed to equilibrate in the first place. Instead, a stable 
baseline guaranteed the detection of different pH values since only the height of 
the droplet peak changed in accordance with the pH value of the droplet. In order 
to achieve a stable baseline, a stable gate coupling in the continuous phase was 
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mandatory, requiring the change to a conductive continuous liquid immiscible with 
water. Here, orthodichlorobenzene (oDCB) was chosen due to its immiscibility 
with water, as well as its higher electrical conductance compared to mineral oil. 
On Figure 28, the signal for PBS-in-oDCB droplets with different pH values (4, 6 
and 8) can be seen. Here, using oDCB as continuous phase, a stable droplet 
formation could not be achieved as can be seen on the irregular droplet signal. 
However, the efficient gate coupling in the carrier phase led to a stable baseline 
between PBS droplets with different pH values, where their differentiation was 
based only on the height of the droplet signal. Thus, using a conductive carrier 
phase allowed formation of a stable formation of the sensor baseline enabling 
sensitivity towards fast pH alterations in propagating droplets. 
 
Figure 28: FET sensor response to PBS-in-oDCB droplets with different pH values. The 
introduction of a conductive continuous phase caused a stable baseline allowing 
improved sensitivity towards fast pH alteration in propagating droplets. In this, a trend 
could be observed of the droplet ratio in dependence of the pH values: the higher the pH 
value, the smaller the ratio becomes. 
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5.   Impedance-based flow cytometer on a chip 
5.1 Overview 
In disease diagnostics, a broad variety of various methodologies can be found, 
which allow detection of various kinds of disease markers. For instance, the 
majority of today’s medical and biochemical diagnostics and detection of cells, 
bacteria or molecules is based on optical detection by e.g.  
(immuno-)fluorescence (IF) or fluorescence-activated cell sorting (FACS) (see 
Figure 29, panel A). However, the trend in current investigation in the biological 
sensing community goes towards optics-less sensing, since it does not require 
expensive labels and bulky microscope analysis, granted by e.g. electric 
 
Figure 29:. (A) Contribution of the nanowire sensor platform to previously reported and 
state of the art techniques, i.e. (immuno-)fluorescence (IF), fluorescence-activated cell 
sorting (FACS), electrical impedance spectroscopy (EIS) and impedance cytometry 
(EIC). (B) Scheme of PBMC detection by nanoimpedance cytometry. 
impedance spectroscopy (EIS) and electric impedance cytometry (EIC) (see 
Chapter 2.3). In the second part of the results, the prototyping of a complete 
sensor platform from scratch is demonstrated. Here, the sensor is based on the 
EIC methodology on a lab-on-a-chip format. It resembles the conventional flow 
cytometry principle, but offers several advantages including electrical and optic-
less detection of micron-sized analytes without any labels at low sample 
preprocessing. The platform consists of an array of interdigitating nanowire 
electrodes over which the analyte solution is comprised via a microfluidic 
hydrodynamic focusing system (see Figure 29, panel B). During operation, the 
sensing mechanism is purely based on the electric properties of the passing 
analytes, i.e. their impedance and dielectric properties, as well as their sizes. It is 
the first time, that EIC is used in combination with nanostructured sensing 
geometries, allowing a higher sensitivity of the detection of passing analytes. 
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5.2 Overview of the fabrication of the sensor device 
This subsection focuses on the demonstration of the general fabrication steps in 
an overview fashion. The detailed procedures for every step will be demonstrated 
and discussed in the following paragraphs. The general steps in the fabrication 
of the small scaled sensor platform consist of the patterning of the nanosensing 
structure using EBL (A), its development and pattern transfer using dry etching 
technology (B), the contacting of the nanostructure with microelectronic structure 
(C) and the integration into microfluidic geometries (D) (see Figure 30). In the 
presented work, each step was developed, evaluated and optimized to meet the 
requirements for the correct function as a biosensor. In the following list, a more 
detailed demonstration of the various steps is shown, i.e. the nanofabrication of 
the sensor element (I), its connection to the microelectrode geometries (II) and 
the microfluidic integration (III). 
(I) Fabrication of the nanosensing geometry 
a. COMSOL Multiphysics® simulations for evaluation of the most 
adequate sensing structure, nanowire arrangement, electrode 
distances, working potential and number of nanowires. 
b. Electron-sensitive resist patterning using EBL, its parameters, 
development and optimal protocols for high-yield patterning, as well as 
its transfer to underlying metallic layers.  
(II) Contacting of nanostructures to microstructures for connection 
access 
a. Sensor design for contacting of multiple sensing structures. 
b. Optical lithography strategy and parameters for efficient contacting of 
the structures. 
(III) Microfluidic integration 
a. Hydrodynamic focusing design to guarantee analyte delivery to the 
sensing structures. 
b. Integration of the channel geometry on the sensor and its fabrication 
steps.  
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Figure 30: General fabrication steps of the sensor platform: (A) EBL patterning of 
electron-sensitive resist in negative fashion. (B) Pattern transfer of the pattern to the 
underlying layer using dry etching technology (C) PMMA etch mask removal and 
subsequent contacting with microelectronic structures for later positioner contacting. (D) 
Microfluidic integration of the channel system directly on the chip using radical oxygen 
plasma treatment. 
5.3 COMSOL simulation of sensing area 
5.3.1 Prototyping of the sensing geometry  
In order to evaluate the most suitable nanoelectronic design for sensing, the 
electrical behavior of various micro- and nanogeometries were simulated using 
COMSOL Multiphysics®. In this, the aim focused on the development of a 
geometry showing a homogeneous and strong electric field in order to guarantee 
reliable and identical signal alterations, when same types of analytes were 
present in the area of influence. In the following figure, four different designs can 
be seen, which were analyzed towards their capability to be used as a sensing 
element by numerical simulation of the electric field, when an electrical potential 
was applied. In the simulation, a potential of 1 V was set between the electrodes 
(left: 1 V right: ground) and a color map indicates the strength of the arising 
electric field and the potential drop to the ground. The electrodes material was 
set to gold, while the substrate was defined as borosilicate glass. Firstly, a 
geometry of two opposing microelectrodes were investigated with 30 µm in length 
and 35 µm in width, separated by a 10 µm gap. These values were chosen, since 
analytes were visionized to have their diameters close to the gap size, passing a 
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longer detection “channel”. In this configuration, the potential dropped 
homogeneously between the source and ground electrode, indicated by the color 
code change from red to blue. However, the applied potential only created a weak 
electric field, which strength was mainly found at 1x105 V m⁄  (see Figure 31, panel 
A). At the edges of the electrodes, a small increase in its strength could be 
observed (1.2x105 V m⁄ ), adding inhomogeneity the electric field distribution. 
Thus, the microelectrode setup was not suitable to be used as a sensing 
geometry. Next, the gap between the microelectrodes was increased to 50 µm 
and single opposing nanowire geometries (width of 100 nm) were introduced in 
the center (see Figure 31, panel B) at the same gap distance of 10 µm. By using  
 
Figure 31: Identification of the most appropriate nanoelectronic structure by COMSOL 
Multiphysics® simulations. (A) Opposing microelectrodes with a distance of 10 µm 
caused an inhomogeneous electric field with a maximum value of 1.2 V m⁄ . (B) Opposing 
nanowires (50 nm width) with a gap of 10 µm caused an inhomogeneous electric field 
with maximum value of 2 V m⁄  at the nanowire tips. (C) Multiple opposing nanowires with 
the same gap distance. As observed for one opposing pair, only a local field 
enhancement at the nanowire tips could be observed. (D) Interdigitating nanowires with 
a pitch of 1 µm. This geometry granted a homogeneous electric field with a magnitude of 
up to 5 V m⁄ . 
nanosized geometries, the magnitude of the strength of the electric field could be 
doubled, reaching 2x105 V m⁄ . However, this field strength was only located at the 
very tips of the nanowires, while being very low while crossing the gap. Further, 
this effect was also present if the total number of nanowires is increased up to 
five opposing nanowire pairs (see Figure 29, panel C). The spot-size increase of 
the electric field was still present, while the electric field in the gap is slightly  
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increased, but still showed too low strength in total (at approximately 0.8x105 
V m⁄ ). Thus, also the opposing nanowire geometry was not suitable for the sensor 
design. Following, the design was changed to a mode, where the nanowires were 
overlapping each other between the electrodes, separated by a thin gap of 1 µm 
between them (see Figure 31, panel D). In this configuration, the interdigitated 
mode, the forming electric field was strongly enhanced to a value of 5x105 V m⁄ . 
Further, compared to the opposing nanowire configuration, the maximum value 
was homogeneously distributed between the gap of the nanowires and only 
dropped at the very edges of the nanowire tips. Because of the homogeneous 
high electric field coverage of this configuration, it was chosen to be the geometry 
of choice and was further used for several optimization steps, which are 
described in the following chapters. 
5.3.2 Optimization of the sensing geometry  
Subsequently, geometry optimizations were simulated using the interdigitated 
nanowire configuration in the spirit of electric field strength and area 
maximization. In this, inter-electrode distances, namely the edge-to-edge 
distance between the nanowires (the pitch) and also the distance between 
nanowire tip and opposing microelectrode were tweaked (see Figure 32). Firstly, 
the dependency of the pitch distance on the electric field strength was elucidated, 
while the minimum tip-electrode distance was searched, which directly affects the 
sensing area, without current leakage between tip and electrode. Here, the pitch 
distance was altered to 1 µm, 0.5 µm and 0.1 µm, while the distance from the 
 
Figure 32: Evaluation of nanowire pitch and tip distance to the opposing microelectrode. 
Since no significant field enhancement could be observed by lowering the pitch down to 
0.1 µm, the structure was fabricated with a nanowire pitch of 1 µm. At a lower distance of 
nanowire tip to the opposing electrode, the current becomes able to penetrate directly 
from the nanowire to the microelectrode. Thus, the distance was set to 2 µm to prevent 
punch-through leak current. 
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nanowire tip to the opposing microelectrode was set to 1 µm and 2 µm. With these 
combinations of various geometries, the electric field was simulated at a constant 
potential of 1 V. Regarding the pitch distance, the electric field already had its 
maximal strength at a distance of 1 µm. With decreasing pitch, the electric field 
stood constant (see Figure 32, right side) at the same magnitude. Thus, the 
optimal distance between interdigitating nanowire geometries was set to 1 µm, 
since smaller distances gave no additional features to the electric field and 
fabrication became simplified. Next, the electric field was observed for distances 
of 1 µm and 2 µm of tip to opposing electrode. Setting the distance to 1 µm, the 
electric field pinched through, resulting in field inhomogeneities at the edges of 
the capacitor structures and leakage currents directly to the microelectrode. In 
contrast, distances from 2 µm gave barely leaking of current directly to the 
microelectrode. In conclusion, capacitor nanowires geometries were fabricated 
with a 1 µm pitch between them and a distance to the opposing microelectrode of 
2 µm to guarantee the largest and homogenous electric field between the 
microelectrodes. 
5.3.3 Evaluation of the working potential  
Next, simulations were performed to evaluate the most appropriate working 
potential between the electrodes during the sensing experiments. In previous 
simulations, the applied potential was only set to a constant value of 1 V. However, 
this potential did not reflect the best working potential in experimental work. In 
the following figure, a series of increasing potential and their resulting electric 
field between the nanowires can be seen. In this, the optimized nanowire 
geometry was applied (pitch: 1 µm, nanowire tip-to-electrode distance: 2 µm). 
During evaluation, the potential between the electrodes was increased stepwise 
from 0 V to 2 V with a step size of 0.2 V (see Figure 33, top panel). Starting from 
a potential of 0.2 V, the formation of an electric field could be observed with a 
magnitude up to around 4x105 V m⁄ . By minor increasing of the potential the 
electric field quickly reached its maximum magnitude at a potential of 5x105 V m⁄  
starting at a potential of 0.4 V. However, further increase of the potential did not 
have any effect on the strength of the electric field (see Figure 33, bottom panel). 
Starting from a potential of 1.6V, strong electric field lines could be observed 
between the nanowire tips and its opposing microelectrode. Here, this effect has 
to be eliminated during sensing experiments, since it could alter the response of 
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the sensor towards analytes. Thus, the evaluated distance to prevent leak current 
from nanowire to microelectrode was only feasible for potentials below 1.6 V. 
Further, these simulations were carried out in dry conditions, meaning that the 
punch-through effect from nanowire tip to microelectrode can be dramatically 
increased, if the sensor is in contact with any conductive liquid. In conclusion, the 
experimental working potential was set to 0.5 V to guarantee the maximum 
magnitude of the electric field between the nanowires and as little as possible 
leak current to the microelectrode.  
 
Figure 33: Evaluation of the working potential for experimental work. In the most 
appropriate sensing structure, the potential was slightly increased from 0 V to 2 V and the 
electric field was analyzed. Starting from a potential of 0.4 V, the electric field between 
the nanowires reached its maximum magnitude of 5 V m⁄ . Further increase of the 
potential only caused a leak current between the nanowire and its opposing 
microelectrode. 
5.3.4. Scaling of the sensing area 
In all previous simulations, the focus was set on the electrical behavior of the 
structure containing only one pair of interdigitating nanowires. Thus, the effective 
detection area was rather low (46 µm²) which small area could result in a non-
effective sensing at high noise. Hence, simulations were carried out to evaluate 
the electrical behavior, if the sensing area was increased by addition of several 
nanowire pairs, namely 6 pairs and 18 pairs (see Figure 34). The calculation of 
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the detection the area between the nanowires was considered the following. For 
one pair, with an effective overlap of the nanowires of 46 µm, the area was 
calculated to be at Agap = 46 µm² (46 µm in length and 1 µm in width). For multiple 
arrays of nanowire pairs, the area was calculated without the width of nanowires 
themselves having an area of ANW = 4,8 µm² (0.1 µm in width and 48 µm in length). 
Therefore, the sensing area was found at 506 µm² for 6 pairs (11 gaps) and at 
1610 µm² (35 gaps) for 18 pairs. During the simulation, the electric field 
distribution was evaluated for multiple interdigitating nanowires to get an insight 
into the electric field distribution for higher sensing areas at a constant potential 
of 1 V. Here, the electric field was homogeneous enlarged for larger nanowire 
arrays. Thus, also the up-scaling of single nanowire pair electrodes was 
successfully demonstrated without loss of electric field strength and homogeneity. 
In this, every nanowire pair represented an individual capacitor, connected in 
parallel (see Figure 34). In conclusion, up-scaling of the sensing area could result 
in a more stable signal and detection response, since the response signal when 
an analyte (with a smaller diameter than the sensing area) passes the sensing 
geometry, is equilibrated by unaffected capacitor structures. However, this 
equilibration results in a reduced sensitivity of the structure. A detailed analysis 
on this scaling effect will be discussed in Chapter 5.7. 
 
Figure 34: Electric field distribution for different sensing areas: (A) Single pair of 
interdigitating nanowires (B) 6 pairs and (C) 18 pairs. The electric field keeps its 
homogeneity while the strength of the electric stays constant when the number of 
nanowires is increased. 
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5.4 Fabrication of the nanoelectronic sensing structure 
5.4.1 Nanofabrication and analysis 
Both interdigitating nanowire structures and microelectrode pads for later 
integration into microcontact pads were patterned using electron beam 
lithography (see Chapter 3.2.1). The substrate consisted of a common glass-slide 
cut in half, thermally evaporated with a 5 nm thick Cr adhesive layer and a 50 nm 
thick Au layer. The substrate was additionally coated with a 70 nm thick PMMA 
950k layer. Here, PMMA coating allowed selective manipulation of the surface by 
its sensitivity to electron beams and the nanoelectronic geometry could be directly 
written in the resist. For structuring, the negative mode of PMMA was applied and 
the steps can be seen on the following figure describing the fabrication of a 
sensor geometry with one interdigitating nanowire pair at different magnitudes, 
imaged by electron beam microscopy (see Figure 35). Firstly, the electron beam 
was guided in a specific pattern over the resist causing it to crosslink at the 
respective spots. Here, the dose was set to 7mC/cm² for electrode pads, while 
the dose for nanowire structures was increased to 27mC/cm². The reason for the 
application of higher doses for nanostructures can be explained by the proximity 
effect. As discussed in Chapter 3.2.1, if an electron beam hits the substrate, the 
electrons are able to penetrate both laterally and horizontally in the resist, thereby 
pre-exposing adjacent areas. Since the electron beam was guided over the 
substrate in scanning mode, this effect was greatly effecting the exposure in 
microstructures by pre-exposing neighboring areas, when it scanned over the 
pre-defined area. Subsequently, a smaller dose was needed to crosslink the 
resist. This effect was dramatically reduced in nanostructures, where the effective 
area, exposed by the electron beam, was greatly reduced. Thus, since the 
proximity effect was smaller, a higher dose was needed for an efficient hardening 
of the resist. The proximity effect on the nanowire width will be discussed in the 
following chapter. In Figure 35 panel A, a SEM image directly after exposure can 
be seen. The structure was written with respect to previous simulations, namely 
with a pitch of 1 µm, distance to the opposing microelectrodes of 2 µm, having 30 
µm in length and 35 µm in width. In addition, the nanowire diameter was set to 50 
nm in the design in order to compensate the proximity effect. By electron 
treatment of PMMA, both its structure and conductivity slightly changed and could 
be distinguished from unexposed parts. For a better visualization, the exposed 
5.   Impedance-based flow cytometer on a chip 
76 
 
parts were colored (blue). In this, the sensing designs could be efficiently 
transferred from the in silico design to the substrate. Subsequently, the 
unexposed resist was removed by soaking the substrate in acetone for 3 minutes. 
Following, the structure could be easily imaged using SEM by the strong 
differences in electrical conductance and electron density between gold and 
PMMA (see Figure 35, panel B). Depending on the applied dose for 
nanostructures, their width ranged from 75 nm to 250 nm. Now, the structured 
PMMA layer was used as an etching mask to transfer its structure to the gold 
layer. Finally, the unprotected gold layer was dry-etched in argon plasma followed 
by a final removal step of PMMA in oxygen plasma. Since PMMA shows high 
resistivity against dry-etching methods, the gold layer below crosslinked PMMA 
was well protected from the argon ions. Doing so, the PMMA structure could be 
efficiently transferred to the gold layer in a 1:1 fashion (see Figure 35, panel C).  
 
Figure 35: Fabrication of gold nanowire sensing geometries using EBL. (A) The electron 
beam at a high dose factor was guided in specific pattern on the PMMA layer, thereby 
crosslinking the PMMA chains. (B) Unexposed PMMA was removed in acetone, while 
exposed PMMA is resistant to this procedure. The sensor design could be efficiently 
transferred in the PMMA layer with a nanowire width of 75 nm to 250 nm. (C) Crosslinked 
PMMA layer was used as etching layer in argon plasma treatment. By removal of 
unprotected gold by argon ion etching (RIE), the layer below PMMA was protected 
allowing a 1:1 pattern transfer from the PMMA layer to the gold layer. 
Further, the topography of the fabricated nanowires was evaluated to get an 
insight into the efficiency of the pattern transfer by dry etching strategy. For this, 
their profile was examined by both atomic force microscopy (AFM) as well as 
focused ion beaming (FIB) cutting. On Figure 36, the results for both techniques 
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can be seen. In order to get information about the reproducibility of both EBL 
technique and pattern transfer, a sensor structure of 18 interdigitating nanowires 
was used for characterization (see Figure 36, panel A). During FIB cutting, the 
substrate was completely covered with 50 nm Ti for a correct cutting of the 
structure without any damage. In this, a large cut over the whole width of the 
nanowires was performed (see Figure 36, panel A, red dotted line) using an argon 
 
Figure 36: Profile examination of a fabricated nanowire array. (A) Focused Ion Beam 
(FIB) cutting technique allowed observation of profile appearance by ion-induced direct 
cutting of the device. Fabricated nanowires revealed nearly rectangular profile with a 
width of 200 nm. (B) Atomic force microscopy (AFM) was used to measure the height of 
the nanowires. Measurements revealed similar heights of the structures between 50-60 
nm. 
beam under ultra-high vacuum condition and imaged using a SEM setup (Neon 
40, Carl Zeiss AG, Germany). On this chip, profile of the exposed parts of the 
nanowires revealed a near rectangle cross-section with a width of approximately 
200 nm (see Figure 36, panel A, right side). So, the developed pattern transfer 
allowed homogeneous patterning of the nanowire array, as can be seen on the 
nearly identical appearance of the individual nanowires. Further, in order to 
examine the height of the wires, AFM (NanoWizard® 4, JPK Instruments AG, 
Germany) was used for measuring the profile (see Figure 36, panel B). Here, 
analysis revealed similar heights of the individual nanowires. Their heights were 
found to be between 50-60 nm which is slightly higher than the expected thickness 
when comparing with the evaporated layer thicknesses (Cr: 3 nm, Au: 50 nm). The 
reason for the variation in the thickness of nanowires was due to small changes 
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in deposited film thicknesses by the thermal evaporation of both metals. In 
conclusion, nanopatterning of the sensing structure was successfully 
demonstrated, showing nearly identical nanowire heights and widths without any 
defects and can be therefore used for prototyping of the sensing device. 
5.4.2 Evaluation of the proximity effect 
Due to unavoidable influences of the electron beam to adjacent areas from 
exposed structures, the resulting pattern in the resist was likely to be wider than 
in the original design. Here, the nanowire diameter was directly related to the 
dose of the electron beam. In detail, the dose was given by the settling time of 
the electron beam on one pixel, thereby defining the energy acting on one spot. 
Further, the optimal dose was additionally dependent on the effective feature size 
of the exposed area. The smaller it became, the higher the dose has to be set to 
guarantee sufficient energy to introduce molecular changes in the resist. On the 
other hand, the dose must not be too high since the proximity effect will increase 
the area, which was under the influence of electron irradiation. In the following, 
 
Figure 37:  Nanowire diameter depending on the electron dose. Due to unavoidable 
illumination of adjacent areas around the patterned regions, the patterns in the resist 
appeared wider compared to the design (see Inset). This effect, the “proximity effect” 
was directly related with the electron dose, or the electron beam settling time. At lower 
doses the nanowires had the same diameter or slightly higher diameter as in the design 
(design width: 50 nm) at a very low yield. The higher the dose was set, the bigger the 
nanowires and the yield became. 
the optimal dose for nanowires with a design width of 50 nm was empirically 
evaluated and the result can be seen in the following figure. For microstructures, 
a dose of 7 mC cm2⁄  was sufficient to chemically modify the area. In contrast, 
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nanostructures were only visible starting from doses of 25 mC cm2⁄ . At this dose, 
nearly no proximity effect could be observed and the structures demonstrated a 
width with a maximum of 60 nm. However, the nanowire yield of correct PMMA 
pattering at this dose was very low and not reproducible. At higher electron doses 
up to 29  mC cm2⁄ , the yield increased stepwise while the proximity effect also 
raised to 100%-200%, (see Figure 37 Inset), resulting in nanowire widths from 
100  nm – 200  nm. Furthermore, higher electron doses increased the nanowire 
widths beyond 200 nm. Thus, the electron dose was set between 27.5 and 29  
mC cm2⁄  resulting in nanowire patterning with a width of 100-200 nm at high yield. 
5.5 Microcontacting of nanostructured sensing structures 
In order to be able to electrically contact the nanostructures, common optical 
lithography technique was employed to connect the nanostructures with micron-
sized electrodes. The overall design can be seen on the following figure. In total, 
six sensor structures could be contacted by independent electrode pairs, each 
one connected to a 1 mm² contact pad for micropositioner contacting (see Figure 
38, panel A). The electrode pairs were designed in an opposing fashion having a 
width of 5 µm, separated by a gap of 90 µm. The overall distance from opposite 
pads was set to 22 mm, so that the design fitted on a conventional glass slide. 
Further, the distance between the nanowires was set to 1 mm. During EBL, the 
individual nanosensing structures were patterned on the glass substrate in the 
middle (at 12 mm from the edge) at a horizontal position starting from 10 mm from 
the edge with a distance of 1mm. Thus, this designed geometry allowed precise 
contacting of the contact pads, defined by EBL. In detail, the nanowire-contacting 
pads were carefully integrated into micron-sized electrodes connected to 
electrode pads (see Figure 38, panel B) using optical lithography with the resist 
AZ5214e in negative fashion (see Chapter 3.2.3.1). After development, 3 nm Cr 
and 50 nm Au were thermally evaporated on the substrate and the electrodes 
were defined by a lift-off process by resist removal in acetone (see Chapter 3.3) 
(see Figure 38, panel B and C). After an annealing process at 200°C for 2 hours, 
the electrode pads were covered with a drop of silver conduction solution to 
minimize the contact resistance between the tungsten tip of the micropositioner 
and the electrode pad. Doing so, the fabrication of the sensing platform was 
finished and the ready-to-use chip could be further utilized for microfluidic 
integration or characterization measurements.  
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Figure 38: Microcontacting of the nanostructures, defined by electron beam lithography. 
(A) In silico design of the microelectrodes using the software WiWebs’ CleWin. Six 
individual nanostructures could be contacted by opposing electrode pairs which 
geometry was aligned to be integratable on a common microscope slide. (B) Using the 
contact pads, defined by EBL, allows contacting of the nanowires by optical lithography 
methodology, including thermal deposition of 3 nm Cr and 50 nm Au and following lift-off 
strategy (C) Real-life appearance of the sensor platform. 
5.6 Electrical characterization of the sensing structure 
Prior to sensing experiments, the sensor’s electric response was evaluated in 
both direct current (DC) and alternating current (AC). Based on the structure 
appearance, a capacitive response of the system was expected with the gold 
nanowire acting as the capacitor plates. Here, the substrate, namely boro-silicate 
glass, acted as the dielectric layer between the nanowire electrodes in dry 
condition. As soon as the condition were set to a liquid environment, the liquid 
covering the electrodes started to play the role of the dielectric layer, if the 
electrical conductivity was higher than the conductivity of the substrate. Since the 
response of the capacitor was dependent on the electric properties of the 
dielectric layer, two liquids with differences in their ionic concentration and their 
conductance were tested to evaluate the sensor’s working behavior in liquid 
environment, namely 1x PBS and deionized water. 
5.6.1 Characterization in alternating current (AC)  
Applying the electrical impedance spectroscopy (EIS) principle allowed 
determination of the structure’s response in alternating current in a wide range of 
frequencies. Here, the response was evaluated for frequencies ranging from 50 
Hz to 20 MHz at a constant reference amplitude of 0.5 V. For electric 
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characterization, 2 parameters were recorded: the sensor’s response amplitude 
Vout and its phase shift Phasedeg from the reference frequency. With the help of 
these 2 signals, the complex Impedance of the device could be calculated. Here, 
the real part of the impedance, the amplitude, was calculated using the following 
formula: 
𝑍′ =  
𝑉𝑖𝑛
𝑉𝑜𝑢𝑡√(ω𝐶𝑟𝑒𝑓)
2
+ (
1
𝑅𝑟𝑒𝑓
)
2
(7)
 
With Vin = 0.5 V as the input voltage, Vout the measured output voltage, ω the 
angular frequency, calculated by 2πf, Cref = 10pF as the inner capacitance of the 
measurement device and Rref = 1 MΩ as the inner resistance of the device. 
Following, the imaginary part of the impedance was calculated. For this, the 
phase signal Phasedeg was initially transformed in radiant units applying the 
formula: 
𝑃ℎ𝑎𝑠𝑒𝑟𝑎𝑑 =  −
𝑃ℎ𝑎𝑠𝑒𝑑𝑒𝑔 π
180
(8) 
Now, the imaginary phase signal could be calculated with the transformed phase 
from formula (8): 
𝑍′′ =   𝑃ℎ𝑎𝑠𝑒𝑟𝑎𝑑 + 𝑡𝑎𝑛
−1(ω𝐶𝑟𝑒𝑓𝑅𝑟𝑒𝑓) (9) 
Finally, the polar form of the complex Impedance Z was calculated with the 
application of the following formula, introducing both formulae (7) and (9): 
𝑍 = 𝑍′𝑒−𝑗𝑍
′′
(10) 
At first, the sensor’s response to different ionic liquids was evaluated, namely 
deionized water with a low concentration of ions and 1x PBS buffer as high 
molarity liquid. In the following figure, the representation of the impedance in the 
Nyquist diagram can be seen, where the x-axis represents the real part of the 
impedance ReZ while the y-axis shows the negative imaginary part -ImZ. This 
graphical representation of the impedance allowed both determination of the 
equivalent circuit by characteristic shapes of distinct electrical building blocks and 
representative values for resistances and capacitances. Initially, the sensor’s 
response in AC domain was analyzed in dry (see Figure 39, panel A). Here, the 
boro-silicate substrate acts as dielectric layer of the capacitor. Due to its low 
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Figure 39: Nyquist diagram of the sensor element in dependence of its environment. (A) 
Dry conditions: The signal showed a strong noise caused by the low electric conductivity 
of the substrate. The negative semicircle of the diagram represents a RC circuit. (B) 
Deionized water droplet on the sensor: The signal was stabilized over the full frequency 
spectrum. The equivalent circuit shows a Randles cell. (C) High ionic liquid on the sensor 
caused linear increase of the impedance in the low frequency regime and shows the 
behavior of a diffusion-controlled Randles cell. 
electric conductivity, the sensor response demonstrated a high-noise signal, 
especially in the high frequency region (left side of the plot). The shape of the 
Nyquist plot showed a negative semicircle, thus demonstrating a RC element in 
the equivalent circuit with an approximate resistance of the substrate Rm = 100 
MΩ, indicated by the lower intersection point of the plot with the x-axis (See 
Figure 39, panel A, red circle). Additionally, the charge-transfer resistance could 
be found at Rct = 1.4 GΩ, indicated by the higher intersection of the plot with the 
x-axis (See Figure 39, panel A, black circle). Next, a drop of deionized water was 
carefully placed on top of the sensing structure and the signal was recorded. 
Here, the presence of even small amounts of ions stabilized the signal 
significantly in the full range of measured frequencies resulting in the formation 
of the defined semi-circle in the Nyquist diagram, resembling an optimal 
appearance of a simplified Randles cell circuit with a solution resistance Rs of 
10.66 MΩ and Rct = 1.03 GΩ (see Figure 39, panel B). Further, deionized water 
was exchanged with PBS buffer with a high molar concentration of 10  mM (1x). 
In the Nyquist diagram, the effect of the strong ionic environment can be seen in 
the low frequency region (right side). Here, the linear increase of the impedance 
is related to the diffusion of the ions in solution and is represented in the 
equivalent circuit as the Warburg element W (see Figure 39, panel C). 
Consequently, the sensor signal in alternating current was behaving as expected; 
it was a capacitive electric building block where its covering liquid environment is 
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changing its output behavior. Depending on the liquid on the sensor (high or low 
amount of dissolved ions) the equivalent circuit of the sensor described a RC-
circuit, a Randles cell or – for high amounts of surrounding ions – a diffusion 
controlled Randles cell. 
5.6.2 Characterization in direct current (DC)  
The sensor’s electric response was additionally evaluated in direct current using 
the electric voltammetry techniques. Here, the voltage between the electrode was 
swept from -1 V to +1 V and back with a step size of 0.05 V at a time constant of 
100 ms, while the current was tracked. Based on the appearance in the IV plot, 
the electrical performance of the sensor can be evaluated. In dry conditions, the 
sensor demonstrated only very small currents with a maximum of 1 nA. This effect 
was due to the small conductivity of the dielectric layer, i.e. boron silicate. 
Nevertheless, the transformation of current values to absolute numbers revealed 
the characteristic “butterfly” appearance of a capacitive structure. Here, the 
difference of measured current based on the direction of the voltage sweeps 
showed the charging effect within the capacitor (see Figure 40, panel A). During 
the first loop of voltage increase (-1 V to +1 V) the capacitor was
 
Figure 40: Cyclic voltammetry (CV) of the nanosensing structure in the range of -0.5V 
to +0.5V in DC mode. (A) In dry condition, the CV diagram showed a butterfly shape, 
characteristic for capacitive structures with maximum current levels of 1nA. (B) 
Measurement in liquid condition (deionized water). The capacitance and the maximum 
current level was vastly increased, while preserving the capacitive behavior by opening 
of the differences between forward and backward sweep. (C) Exchange of water to highly 
ionic environment (PBS, 10mM). Compared to dry conditions, the current level was 
increased by a factor of 100, majorly increasing the capacitance of the device. 
charged and in the second loop, it was discharging. Thus, the area between the 
curves could be interpreted as the electrochemical activity of the capacitor, or its 
efficiency. For dry condition, the area between the curves was rather low 
developed, but this effect was enhanced as soon as the experiment was repeated 
in liquid environment. In deionized water, the overall current was increased by a 
factor of 10, while the current difference between the sweeps was increasing (see 
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Figure 40, panel B). Therefore, the capacitance and thus the energy storage was 
increased by the change of the dielectric medium to deionized water215. Since the 
maximum measured current of the capacitive structure was located at a very low 
level (10 nA), the liquid was exchanged with a highly molar solution, i.e. 1x PBS. 
As expected, the energy storage was increased by a factor of 100, compared to 
dry conditions (see Figure 40, panel C). Following, in order to use the developed 
nanostructure as sensing geometry, it had to be used in ionic environments to 
guarantee a sufficient current level and capacitance or energy storage level.  
5.7 Scaling effect of nanostructures in static sensing 
conditions 
In order to demonstrate the effect of nanostructures on the sensitivity the device 
towards foreign micron-sized objects in influence of the device’ electric field, a 
SiO2 particle with a diameter of 10 µm was carefully placed between the 
electrodes in 0.1x PBS. Here, PBS solution was dissolved by a factor of 10, since 
application of 1x PBS as solution screened the contribution of the particle and no 
difference to reference measurements could be observed. By placement of a 
particle, the equivalent circuit changed, since the particle introduced its own 
resistance and capacitance, which was now influencing the output characteristics 
of the device. The used model was developed in the late 80s and is widely used 
for interpretation of single-cell impedance measurements39,104,216 (see Chapter 
2.3.2). If no particle was present on the sensor, the circuit represented a common 
Randles cell circuit, where the resistance and capacitance were connected in 
parallel. As soon as a particle was influencing the sensor, a new element was 
added to the circuit, namely the resistance and capacitance of the particle in 
series, parallel to the inner RC circuit of the device (see Chapter 2.3.2, Figure 3). 
Next, the sensitivity was firstly evaluated in static mode using EIS technique in 
order to see the particle’s effect over a big range of frequencies. In this, the output 
of three different structures was evaluated: (1) only microelectrode structure 
without nanowires, (2) 18 pairs of interdigitating nanowires, (3) one single pair of 
nanowires. In order to quantify the sensitivity of the device, the Nyquist curves of 
the respective structure with and without particle were compared. The frequency 
sweep was carried out from frequencies from 200 Hz to 20 MHz and the difference 
of the curves was acquired by the integral difference of the two signals. Here, 
only the region without the low frequency diffusion domain were taken into 
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consideration, meaning only the signal from medium resistance (Rm) to the kink 
before the diffusion-influenced domain, at the end of the charge-transfer regime 
(Rct). In the first case, when there were no nanowires present in the sensing 
geometry, the particle between the microelectrodes had nearly no influence on 
the output signal. The EIS in the presence of a microparticle merely deformed the 
output response (see Figure 41, panel A). In this, the Nyquist curve was 
negatively deformed in y-direction (see Inset) and shifted to the left. A more 
detailed analysis of the magnitudes of the lateral deformations will be discussed 
in the following chapter. The absolute integral difference of the curves was 
calculated to be at only 0.26% with an input voltage of 0.5 V. In contrast, the signal 
difference in presence of nanowires is greatly enhanced by a factor of around 
~20 (see Figure 41, panel B). In this, the signal deformation difference between 
the presence and absence of a particle was more pronounced leading to a signal 
difference of 4.22%. The biggest deformation of the output curve in the presence 
of a particle was observed for a single pair of interdigitating nanowires. Here, the 
signal difference was calculated to be at 5.68% (see Figure 41, panel C). In 
conclusion, presence of nanowires greatly improved the sensitivity towards 
micro-objects in the influence area of their electric field. Here, the strength and 
the homogeneity of the electric field played a major role. While the electric field 
between microelectrodes was weak and inhomogeneous, the field in the 
 
Figure 41: Scaling effect of using nanostructures on the sensing sensitivity. (A) EIS with 
and w/o particle on the sensing area between solely microelectrodes. The difference of 
the curves in the Nyquist diagram was at 0.26%. (B) Comparison of the Nyquist diagrams 
with a sensor including 18 nanowire pairs. The difference was greatly enhanced, located 
at 4.22%. (C) Change from 18 nanowire pairs to only one pair. The difference of the 
Nyquist curve with particle and without particle was further increased to 5.68%. 
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presence of nanowires was greatly amplified to a strength of up to 5x105  V m⁄  
(see Figure 34, panel A-C). Further, reduction of the sensing area also improves 
the sensitivity of the device. In the case of 18 interdigitating nanowire pairs, every 
nanowire pair represented one capacitor. In this case, the sensing structure 
represented 18 individual capacitors, which were connected in parallel. Further, 
the particle was only able to cover a fraction of them and its resulting signal 
change was partly compensated by the other uncovered fraction of capacitors. 
For one single nanowire pair, the effect of the particle was more pronounced, 
since there were no other compensating capacitors present in the structure. 
However, in dynamic sensing experiments, only one capacitor might be very 
prone to differences of the position of the particle or electric noise in general, 
while bigger sensing areas might compensate the noise. A detailed analysis on 
the signal to noise ratio and the sensitivity in dependence of the number of 
interdigitating nanowires in dynamic measurement mode will be evaluated in 
Chapter 5.11.3. 
5.8 Multi-analyte detection on the sensor 
Additionally, the effect of several micro-objects on the sensing area was 
evaluated. For this, one to three particles in 0.1x PBS solution were carefully 
placed between the electrodes of a sensor structure with 18 interdigitating 
nanowire pairs and EIS was performed from 200 Hz to 20 MHz. Based on the 
difference of the reference Nyquist curve to the curves in the presence of a single 
or multiple particles, the effect of the analytes could be analyzed, as well as the 
extraction of the electrical parameters of the particles, namely electrical 
resistance and capacitance, became possible. On the following figure, the high 
frequency regime of the Nyquist curves for the device without (black), one (cyan), 
two (red) and three (yellow) particles can be seen (see Figure 42). Here, a clear 
trend could be observed: the more particles were present on the sensor, the more 
the Nyquist curve was shifted to the left. In Nyquist curves, the intersection with 
the x-axis indicated the resistance of the medium Rm, which was located at 12.68 
MΩ for the absence of particles on the sensing area. The intersections of plots 
for the particles indicated the combination of the resistance of the medium Rm 
and the resistance of the particle(s). The value for this equivalent resistance Req 
was extracted from the plots and was located at 11.03 MΩ for 1 particle, 8.96 MΩ 
for 2 particles and 7.13 MΩ for 3 particles (see Figure 42, panel B). Based on the 
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equivalent circuit model of single-shelled particles39,217, the resistance of one 
particle Rp1 could be calculated. Since Rm and Rp are connected in parallel, the 
resistance of the particle was calculated using: 
1
𝑅𝑒𝑞
=  
1
𝑅𝑚
+  
1
𝑅𝑝1 
(11) 
Thus: 
𝑅𝑝
1 =  
1
1
𝑅𝑒𝑞
−   
1
𝑅𝑚 
(12) 
Doing so, the resistance was calculated to be at 84.76 MΩ for a single particle. In 
the case of several particles, the individual particle capacitances and resistances 
(Rp1 to Rp3 and Cp1 to Cp3) were connected in parallel to the equivalent circuit (see 
Figure 42, panel A) since Req is shrinking with increasing numbers of particles. 
Thus, the magnitude of the resistance of individual particles are divided, resulting 
in resistances of 47.74 MΩ and 34.91 MΩ for two and three particles, respectively. 
 
Figure 42: EIS output response of a sensing structure with 18 interdigitating nanowire 
pairs in absence and presence of 10 µm SiO2 particle(s) (A) Equivalent circuit model in 
presence of multiple particles. (B) Close-up of high frequency region of the Nyquist plots 
for no particle and one, two and three particles on the sensor. The intersection of the plot 
and the x-axis defined the equivalent resistance Req. (C) Double logarithmic plot of the 
capacitance, calculated from the Nyquist plots. The forming plateau signal defined the 
equivalent capacitance Ceq of the system. 
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For this, formula (5) was extended with the resistance values for previous number 
of particles, in detail: 
𝑅𝑝
2 =  
1
1
𝑅𝑒𝑞
−   
1
𝑅𝑚 
−  
1
𝑅𝑝1
(13) 
and 
𝑅𝑝
3 =  
1
1
𝑅𝑒𝑞
−  
1
𝑅𝑚 
−  
1
𝑅𝑝1
−   
1
𝑅𝑝2
(14) 
Here, the differences in their resistance values can be explained by the 
polydispersity of the particles themselves, their position on the nanostructures 
and how many capacitors are influenced, as well as if there are in contact with 
each other. Furthermore, the capacitance of the particle could also be determined 
by the analysis of the Nyquist curves. For this, the imaginary part of the complex 
impedance was divided by the angular frequency, resulting in an approximation 
of the capacitance values: 
𝐶 =  |
𝑍′′
𝑗ω
| (15) 
On Figure 42, panel C, the calculated capacitance in dependence of the 
frequency can be seen. Plotting in a double logarithmic scale revealed the 
formation of a plateau between 10 kHz and 200  kHz, showing the capacitance of 
the electrical system. Here, the presence of particle(s) showed a clear influence 
of the device. With the help of the equivalent circuit model used previously, the 
capacitance of the particles Cp was calculated by using measured Ceq from the 
plateau values, subtracted by the capacitance of the medium Cm from the plateau 
value of the sensor without particles. Taking into account the connection of the 
capacitor in parallel fashion (or one particle), Ceq is defined by: 
𝐶𝑒𝑞 =  𝐶𝑚 +  𝐶𝑝
1 (16) 
And thus: 
𝐶𝑝
1 =  𝐶𝑒𝑞 −  𝐶𝑚 (17) 
And following for 2 and 3 particles: 
𝐶𝑝
2 =  𝐶𝑒𝑞 −  𝐶𝑚  − 𝐶𝑝
1 (18) 
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𝐶𝑝
3 =  𝐶𝑒𝑞 − 𝐶𝑚 − 𝐶𝑝
1 − 𝐶𝑝
2 (19) 
Here, the capacitance of one particle was found to be at Cp1 = 52.99 fF, while for 
the capacitances for 2 and 3 particles were calculated to be at Cp2 = 69.00 fF and 
Cp3 = 185.00 fF, respectively. In conclusion, the sensor was able to detect micro-
objects from single to multiple numbers, where the signal change was directly 
related to the number of analytes on its surface. 
5.9 Microfluidic focusing system 
Now, after characterization of the sensor device in frequency sweeping mode as 
well as investigation of the scaling effect in presence of nanoscopic structures, 
the system’s measurement strategy was altered to dynamic mode allowing high-
throughput measurements at a fixed frequency. For this, an adequate geometry 
for sample delivery had to be evaluated allowing high-throughput and clogging-
free focusing of analytes in liquid. Further, in order to characterize sample delivery 
and reduced costs and efforts, a PDMS-based microfluidic flow cell was chosen. 
Here, the chosen material, PDMS, allowed fast prototyping of adequate 
geometries in reasonable times and allows flow characterization of fluorescent 
liquids due to its low auto-fluorescence. For fabrication, the standard soft 
lithography methodology was used (see Chapter 3.2.4). For sample delivery, a 
2D hydrodynamic focusing structure was chosen, where the sample liquid was 
focused by three parallel flows, confining it to a vastly decreased cross-section 
prior to focusing. This strategy offered a great variety of advantages compared to 
solely reduced channel sizes. Firstly, channel fabrication became simplified, since 
the channel geometry had not to be confined to the sensing area. Here, the 
analyte stream width was tuned by the flow of the focusing liquid, meaning the 
channel width was not dependent on the sensing width, thus making the 
integration simpler. Second, micro-objects in laminar flow follow specific positions 
in the stream, introduced by inertial lift forces218,219, improving the device’s output 
response. Furthermore, contact of micro-objects in the focused stream with 
channel side walls is inhibited by the neighboring focusing streams. Thus, the 
chance of channel clogging is greatly reduced compared to single flow of analyte 
solution, especially if focusing strategies are applied by special geometries, e.g. 
ratchets, short channel width reductions and microchannel curve-assisted 
particle focusing220,221. Therefore, a 2D hydrodynamic focusing geometry was 
manufactured with a channel width of 200 µm. Here, the individual channel parts 
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were arranged in way that the sample liquid was focused at the bottom and in the 
middle of the main channel, which was aligned over the sensing structure. In 
order to focus, the analyte stream was firstly focused horizontally by a 
perpendicular focusing stream from the top (see Figure 44, panel A). Further, the 
analyte stream was focused vertically by two focusing streams coming channels 
in a 45° angle top (see Figure 43, panel A). In the following paragraphs, the 
geometry’s capability to focus laterally and vertically will be presented. 
5.9.1 1D focusing using FITC-probed deionized water 
Firstly, the efficiency of the designed channel system was evaluated in the lateral 
dimension. For this, a stream containing 1:100 diluted FITC solution was focused 
using a divided stream of 1M KCl solution. In this confined geometry at low 
Reynolds numbers, 2 miscible stream flowed next to each other, where mixing 
only took place at the interface by diffusion. At the crossing of the FITC solution 
channel and the KCl liquid channels in a 45° angle (see Figure 43, panel A), the 
 
Figure 43: 2D microfluidic hydrodynamic focusing geometry characterization. (A) In 
silico design of the channel geometry. The FITC containing solution was focused by two 
KCl focusing solutions at the crossing geometry. (B) Fluorescent microscope image of 
the focusing structure. At a flow ratio of 1:5, FITC solution was focused to a width of 70 
µm. Further increase of the ratio to 1:10 (C) and 1:18 (D) decreased the width to 40 µm 
and 20 µm, respectively. 
FITC solution was confined by the two focusing streams in the middle of the 
channel. Here, the width of the FITC solution could be tuned by changing the flow 
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rate ratio between the two streams. At a flow rate of 5 µl/min for KCl and 1 µl/min 
for FITC, the focusing streams reduced its width from 200 µm to approximately 
70 µm (see Figure 43, panel B). The focused stream was stable for the complete 
range of the subsequent main channel, where only diffusion of FITC at the 
surface to the focusing streams took place (see Figure 41, panel B Inset). The 
effective stream width by focusing could be further reduced by increasing flow 
rates of the KCl stream. Changing the ratio of the flow rates QFITC : QKCl to 1:10 
and 1:18 reduces the FITC solution width to 40 µm and 20 µm, respectively (see 
Figure 43, panel C and D). In conclusion, the efficiency of the 1D focusing system 
could be successfully proven, since this geometry offers precise control over the 
efficient sample liquid in the main channel in the correct range.  
5.9.2 2D Focusing using fluorescent microparticles 
Subsequently, the 2D focusing capability of the device was tested using 
fluorescent 1.08 µm polystyrene particles in deionized water, probed with 0.1% 
Tween in order to reduce particle adhesion to the channel walls and particle 
aggregation. Here, after injection of the particle solution a novel inlet for focusing 
was introduced, which allowed focusing in the horizontal dimension (see Figure 
44, black dashed box). This perpendicular stream of focusing liquid pushed the 
analyte stream at the bottom of the channel which was later focused in the middle 
of the channel as it was done with FITC solution in the previous experiment (see 
Figure 43, panel A and B). Using two independent focusing streams for lateral 
and horizontal focusing allowed precise control on the focusing area of the 
analyte stream and therefore the position of the particles in the channel after the 
focusing geometries. Figure 44, panel C-E, shows an example of particle focusing 
where the flow rates of the two focusing streams were applied in a way that the 
particle solution was focused in a small area in the middle of the channel with a 
width of around 40 µm and a height of maximum 2.9 µm. In this, the lateral position 
of the particle could be easily determined by microscopic records of the channel 
after focusing. In contrast, the horizontal position of the particles had to be 
calculated using the formula for height analysis of microparticles in microfluidics, 
established by Winer and co-workers222. In this, the measured particle size in the 
records is directly correlated with its height in the microchannel, when the focus 
is set on the channel bottom.  
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Figure 44: 2D focusing of fluorescent microbeads: (A) In silico design of the microfluidic 
setup (B) Fluorescent image of particle focusing (C) Position of the particle in the main 
channel with a height of 15 µm and a width of 200 µm. The beads could be efficiently 
focused in a small window of 30 µm width and 2.9 µm height (D) Width counting of the 
particles (E) Representation of the corresponding particle heights using the formula from 
Winer and co-workers222. 
Here, the formula was derived for the following parameters: particle size of 1.08 
µm at a magnification of 10x and a numerical aperture of 0.25, illuminated by a 
fluorescent light source at a wavelength of 503 nm: 
𝑧[𝑚] =  (𝑑𝑝[𝑚] −
1,23 x 10−11[𝑚]
170
)
1
2
(18) 
where z is the distance of the particle with measure diameter dp from the surface.  
5.10 Microfluidic integration of the two technologies 
If both these technologies, the 2D hydrodynamic focusing and the nanosized 
impedance sensor, are brought together, this conjunction opens a new route 
towards nanosensing in the impedance cytometry regime, where the analyte is 
delivered to the sensor via microfluidic geometries. Here, the two technologies 
were combined by careful alignment of the main channel structure on the 
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nanosensors so that the sensing structure is located in the middle of the channel 
(see Figure 45, panel A and B). The integration was carried out by treatment of 
both substrates in oxygen plasma at 40W for 5 seconds, followed by immediate 
alignment under the microscope. In order to strengthen the covalent bonding, the 
chip was kept at 70°C on the hotplate overnight. Doing so, the focused flow of 
analytes could be directly focused towards the sensing structure (see Figure 45, 
panel C).  
 
Figure 45: Integration of the two technologies: (A) Illustration of the alignment of the 
main channel to the sensors and the microelectrode structure. (B) Close-up of the 
channel alignment between the microelectrodes. (C) Microscope image of the main 
channel aligned over the nanosensors. The focused flow of analytes could be utilized for 
efficient and direct delivery of the analytes to the sensor. (D) Real-life appearance of the 
final sensor. 
5.11 Dynamic SiO2 particle detection 
5.11.1 Single particle detection 
Utilizing the integrated sensor platform, the first step included the detection of 
common unmodified SiO2 particles with a diameter of 10 µm. Here, the 2D 
hydrodynamic focusing structure was applied to guide the particle solution, SiO2 
particles in 0.1x PBS probed with 0.1% Tween, over the sensing element between 
three streams of KCl solution (100mM). The applied flow rates described a ratio 
of KClvertical :KClhorizontal: particle solution= 0.5:2:1, resulting in a focused particle 
solution stream which width matched the width of the sensing structure (see 
Figure 46, Inset 1, PBS: yellow; KCl: blue). Particle presence on the sensing 
structure was measured with an applied AC voltage of an amplitude of 0.5 V at a 
frequency of 100 kHz. In this, two parameters were measured: The output voltage 
response Vout from the input voltage and the phase shift from the reference 
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frequency. On Figure 46, a close-up of a detection event of a 10  µm sized silica 
particle can be seen. In this, the baseline from the obtained raw data was 
subtracted, resulting in baselines at 0 V and 0°, where the magnitude of the 
detection signal of passing particles could be clarified directly as ΔVout and 
ΔPhase. During baseline subtraction, the whole data set was subtracted by an 
envelope function. By subtraction of the initial data sets by their envelopes 
(positive envelope for Vout and negative envelope for the phase shift), the 
background signal could be successfully set to 0 V without influencing the peak 
 
Figure 46: Close up of a 10 µm silica particle detection event. As soon as the particle 
entered the sensing area a decrease of Vout and an increase of the phase could be seen. 
The signal returned to the baseline value after the particle left the sensor. 
signal magnitude. First, if no particle was present on the sensor, both ΔVout and 
ΔPhase showed a stable baseline without any unspecific signal deviations (see 
Figure 44, region 1). Then, as soon as a particle crossed the sensing area, a drop 
of the output voltage ΔVout and a simultaneous increase of the phase could be 
observed (see Figure 47, region 2). This effect was dedicated by the introduction 
of a new capacitor-resistor element to the device’ equivalent circuit. Here, the 
particle’s presence on the sensor was approximately 100ms, demonstrated in the 
peak width. When the particle left the sensor area, the signal equilibrated to its 
initial baseline value after the particle left the sensing structure (see Figure 46, 
region 3).  
5.11.2 Scatter plot representation 
In order to be able to compare individual sensing experiments with various 
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sensing areas, the height of the detection peaks, when a particle crosses the 
sensing area, were measured and taken as characteristic value for the respective 
kind of analyte used. For this, the baseline was subtracted of both amplitude and 
phase signals by subtracting the envelope data set from the same measurement 
from the original raw data, as already described in the previous chapter. Now, by 
measuring the height of the peaks, the characteristic peak height for the analyte 
could be determined for both parameters ΔVout and ΔPhase (see Figure 47, left 
side). Here, the two detection peaks formed during a detection event were set 
into dependency, resulting in a scatter plot with ΔVout as x-value and ΔPhase as 
y-value (see Figure 47, right side). The formed scatter cloud represented the 
characteristic signal alteration for one given type of analyte (here a SiO2 particle 
with 10µm diameter), including deviations in both amplitude and phase changes. 
 
Figure 47: Scatter cloud determination: After baseline subtraction, peak heights of 
related amplitude and phase signal changes were set into dependency. The resulting 
scatter cloud represents the characteristic signal alterations for a given analyte. 
5.11.3 Effect of the sensing area in dynamic particle detection 
In order to evaluate the effect of the sensing area on the sensitivity of the device, 
10 µm SiO2 particles were detected by sensing structures with different numbers 
of interdigitating nanowire pairs, namely one pair (sensing area ~46 µm2), 6 pairs 
(sensing area of ~506 µm²) and 18 pairs (sensing area of 1610 µm²). In order to 
compare the detection events for different sensing areas, the height of the 
detection peaks, when a particle was passing the sensor, was calculated as the 
percentual deviation of the peak signal to the baseline, the signal-to-noise ratio. 
For the highest sensing area (18 nanowire pairs, 1610µm²) the detection peaks 
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Figure 48: Evaluation of the sensing area on the signal strengths and deviations. (A) 
Signal-to-noise ratio analysis for different sensing areas: one pair (area ~46 µm2), 6 pairs 
(area of ~506 µm²) and 18 pairs (area of 1610 µm²) of interdigitating nanowires. The 
decrease of the sensing area led to higher signal strengths, but also led to higher noise 
for independent detection events. (B) Sensitivity analysis of the device with respect to 
capacitance and resistance changes of the device. As before, larger sensing areas led 
to smaller, but more robust, signals, 0.02 fF and 2 MΩ for 18 pairs, while smaller areas 
increase both signal strength and noise, 10 fF and 15 MΩ for one single pair. (C) 
Percentual representation of the data clouds, demonstrating increasing values for 
decreasing detection areas. Further, the inner dispersity of the values within one data 
cloud is dramatically reduced if the sensor area is increased. 
only showed a rather weak signal detection peaks, located between -60 µV and -
100 µV in ΔVout and 0,02° to 0,03° in ΔPhase (see Figure 48, panel A). Further, 
the height of the peaks was expressed in percentual values, based on the 
absolute difference of peak value and its corresponding baseline value. For 18 
nanowire pairs the percentual difference was calculated to be at a mean value of 
0.42% in ΔVout change and 2,2% in ΔPhase (see Figure 48, panel C). In this 
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scenario, the inner signal dispersity SD of the data cloud was calculated to be at 
14,53% and 13,13% for ΔVout and ΔPhase, respectively. Here, the sensing width 
of the sensing was bigger than the analyte itself. Therefore, if a particle was 
present on the sensor, it was not able to cover all nanowires causing a partial 
signal compensation of the detection event by nanowire pairs, which were not 
under the influence of the analyte, since every nanowire pair could be considered 
as an individual capacitor. On the other hand, this compensation effect resulted 
in low signal deviation within the data cloud but in a more reliable signal readout. 
If the number of nanowire pairs was decreasing, the signal change was rapidly 
increasing, since the compensation effect of the unaffected sensing area was 
decreased. In detail, the signal variation for individual detection events was 
increasing, since the presence of the particle on the sensor at unavoidable 
different lateral and horizontal positions had a greatly enhanced impact on the 
strength of the signal. In this, the signal-to-noise ratios for six nanowire pairs, 
where the sensing width is close to the particle diameter, were found between -
110 µV and -160 µV for ΔVout (0,79%, SD: 28,59%) and 0,03° to 0,06° for ΔPhase 
(3,83%, SD: 23,43%). Further, if the sensing width was greatly decreased to only 
one nanowire pair, the signal revealed the strongest of the modulation increased 
between -120 µV and -200 µV for ΔVout (1,35%, SD: 36,72%) and 0,06° to 0,12° 
for ΔPhase (6,57%, SD: 34,35%) (see Figure 48, panel A and C). In conclusion, 
the choice of the sensing area reflected a trade-off decision, where bigger 
sensing areas led to smaller and robust signals, while smaller areas lead to higher 
detection signals with higher noise. Further, the sensitivity of the device with 
respect to the change of the resistance and capacitance was evaluated. In this, 
the time-dependent signal of Vout and phase shift was transformed into change of 
the capacitance and resistance. For the capacitance, the earlier described 
formula (15) (see Chapter 5.8) was applied. Second, the resistance change was 
extracted from the amplitude of the complex impedance signal R[Ω] = Re{Z'} (see 
Chapter 5.6, formula (7)). Further, the signal strengths of capacitance and 
resistance changes of detection events were subtracted by the baseline signals 
of the respective signals (as described in Chapter 5.11.1). In Figure 48 panel B, 
the contour plot with the density reflection can be seen for particle detection 
events from the same data set used in the previous analysis (see Figure 46, panel 
A and C). The trend of both signal and standard deviation matched the signal-to-
noise calculations. While for the biggest sensing area (18 nanowire pairs) the 
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capacitance and resistance changes in presence of the analyte were small and 
robust around 2 fF and -5 kΩ, they were greatly enhanced for single nanowire 
sensors, namely up to 6 fF and -15 kΩ. This analysis strengthened the findings 
from the previous analysis, demonstrating the direct effect of sensing area to both 
sensitivity and signal-to-noise ratio. For later experimental work, either the 
sensing areas including 6 pairs and 18 pairs were used since they grant enough 
sensitivity towards moving objects. Although the signal modulations were found 
to be highest for single nanowire pairs, the signal dispersity was too pronounced 
to differentiate objects with different diameters. 
5.11.4 Dynamic detection of SiO2 particles with different diameters 
In the following, the sensitivity towards different diameters of SiO2 particles was 
examined. Here, the frequency between the electrodes with a sensing area of 
506 µm² (six interdigitating nanowires) was set to 100 kHz, allowing the probing of 
the size of passing analytes on the sensor. Firstly, the device was calibrated for 
SiO2 particles with sizes of 3 µm, 5 µm and 10 µm. In this, solutions with one single 
type of particles were guided on the sensor and both the output voltage and 
phase shift were acquired. Here, the microfluidic parameters and liquids matched 
the previous experiments (see Chapter 5.11.1). Here, a clear dependence of the 
 
Figure 49: Detection of SiO2 particles with different diameters. By application of a 
reference frequency of 100  kHz, the size of passing analytes could be probed. In this, a 
clear dependence of the detection signal strength on the diameter of passing particles 
could be observed. For 10 µm particles the resulting negative signal peaks were in the 
range of -80 to -120 µV and 0.03° to 0.09° (top), 5 µm signal strengths at -60 to -30 µV 
and 0.02° to 0.04° as well as -25 to -10 µV and 0.01° to 0.02° for 3 µm particles. 
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signal peaks of passing particles on their diameter could be observed (see Figure 
49). After baseline subtraction, the resulting negative signal peaks for ΔVout were 
in the range of -80 to -180 µV for 10 µm particles and 0.03 to 0.09° in ΔPhase (see 
Figure 49, panel A), matching the results from the previous chapter. After 
guidance of the 10 µm particle solution, the chip was cleaned thoroughly by 
flushing with deionized water till no 10 µm particle could be seen any more in the 
channels. Following, the microfluidic system was flushed with the 5  µm particle 
solution and the signal was captured with the same parameters as for 10 µm 
particle solution. Here, the reduced particle diameters led to smaller peak signal, 
namely -30 to -80 µV in ΔVout and 0.02 to 0.04° in ΔPhase (see Figure 49, panel 
B). Further, the experiment was repeated for 3 µm particles, resulting in output 
signals of -20 to -40 µV and 0.01 to 0.02° in ΔPhase. In conclusion, a clear trend 
of the output signal magnitude in dependency of the particle diameter could be 
 
Figure 50: Detection of particles with different parameters in complex fashion. (A) 
Schematic illustration of the experiment. (B) Output signal of the sensor after baseline 
subtraction. Based on the classification in the previous experiment, the signal peaks 
could be classified into the various diameters of the particles, namely 10 µm, 5 µm and 3 
µm. (C) Scatter plot of the individual peak signal pairs of amplitude and phase shift. The 
diameter of the unknown particles which were passing the sensor could be successfully 
classified by cluster formation of the peak signal pairs. 
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observed. By utilization of these calibration experiments, the classification of 
mixed particles became possible because of their known signal alterations.  
Next, a solution containing a mixture of 10 µm, 5 µm and 3 µm particles was guided 
over the sensor and the signal was acquired (see Figure 50, panel A and B). The 
resulting signal with different magnitudes of peak events could be matched with 
the calibration data and allowed classification of the peaks to specific diameters. 
A representative example of the output response signal can be seen in panel B 
of the following figure, containing various peaks caused by different particles 
sizes. Compared to single particle experiment in the previous experiment, the 
output signal demonstrated detection peaks over the full response range from -
20 µV up to -180 µV, resembling the detection events of particles with various 
diameters. Further, the output response was transformed to relative resistance 
and capacitance changes of the device, using the strategy from chapter 5.11.3 
(see Figure 50, panel C). In this,10 µm particles caused a resistance change of 
1000 kΩ - 2500 kΩ between ΔVout values of -80 µV to -180 µV. For smaller 
diameters the change was found to be at 500 kΩ-1000 kΩ and 250 kΩ-500 kΩ for 
5 µm and 3 µm particles, respectively. Further, the related signal peaks in the 
phase shift and capacitance shift was gathered, where the signal strengths were 
found at 0.05°-0.09° and 8-9 fF for 10 µm particles, 0.02°-0.05° and 7-8fF for 5 µm 
particles and 0.01°-0.03° and 6-7 fF for 3 µm particles. By representation in a 
scatter plot of the individual signal pairs (see Figure 50, panel C), a clear trend of 
the pairs depending on the size of the particles could be observed. By 
combination of the two parameters, amplitude and phase shift, at a size-probing 
frequency of 100kHz, differentiation of passing particle sizes could be 
successfully demonstrated. The analysis proves, that the sensor was sensitive to 
minor changes in the diameter of passing analytes, allowing the use of this 
platform as an impedance-based analyte counter. 
5.12 Detection of peripheral blood mononuclear cells (PBMCs) 
5.12.1 Overview 
After demonstration of the sensor’s sensitivity towards inorganic micro-objects 
with different sizes and proving that the developed platform could be used as a 
sensor, the type of analyte was altered to a biological species. In this, peripheral 
blood mononuclear cells (PBMCs) were chosen as the analyte of choice, since 
they offer a great biological impact in today’s medical trials and assays. PBMCs 
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represent a subfamily of human white blood cells taken involved in the immune 
response. In this, two main-families are present, originating from different stem 
cell progenitors: Monocytes and granulocytes, originating from myeloblasts and 
leukocytes having a common lymphoid progenitor. Furthermore, lymphocytes are 
additionally split between natural killer (NK) cells, T-lymphocytes and B-
lymphocytes145. Each cell holds a specific task in the human immune response. 
Monocytes are progenitors of macrophages, responsible for phagocytosis, NK 
cells for rapid immune-response, B cells for antigen recognition and T cells for 
activation of several types of cells including B cells, macrophages and cytotoxic 
T cells144. Any defect in their function or in their development serves 
 
Figure 51: Conceptual description of PBMC detection. (A) Schematic illustration of the 
experiment, where the complex PBMC mixture is guided over the sensing structure. (B) 
Overlay of individual sensor responses towards different kinds of PBMCs. (C) Typical 
appearance of the acquired signal. The peak magnitude corresponded to the size of the 
cell, allowing classification of the signal to the cell type. 
as an indicator for various diseases including several types of leukemia or 
cancer156,157 (see Chapter 2.5.1). Thus, analysis of PBMC has a big impact in 
today’s medical assays and tests for various diseases.  In the following chapters, 
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the analysis for human PBMCs using the developed platform is demonstrated, 
where the complex PBMC solution is guided towards the sensor (see Figure 51, 
panel A). In this, differentiation of PBMC subfamilies is possible since they 
possess different sizes and surface configurations. In the PBMC subpopulations, 
monocytes have the biggest sizes ranging while the various lymphocytes classes 
demonstrate smaller sizes. Thus, the various sub-families can be classified at 
500 kHz, where monocytes showed the highest signal change, while NK-, B- and 
T cells showed decreasing peaks based on their size144 (see Figure 51, panel B 
and C). A deeper analysis of the individual clusters, caused by the different cell 
species, is presented in the following paragraph.  
5.12.2 PBMC classification detected by impedance cytometry 
In the following, isolated PBMCs from a healthy human donor (male, age at 25) 
were guided untreated to the nanosensor and both amplitude and phase was 
acquired at a frequency of 500 kHz. In this, the PBMC population was purified 
from whole blood samples using FICOLL technique, where only monocytes and 
lymphocytes (B cells, T cells and NK cells) are present in the sample. In order to 
be able to classify the clusters, formed by the peak pairs of amplitude and phase, 
the percentage of abundance of peak pairs was analyzed. In healthy human 
PBMCs, the individual cell types have a distinct range of percentage in the 
sample. Here, the percentual composition was determined using conventional 
flow cytometry, where the monocyte population and lymphocyte population was 
evaluated by detection of the side-scattered light (SSC) and forward-scattered 
light (FSC) of passing analytes in the nozzle (see Figure 52, panel A). Here, the 
monocyte population within the sample was found to be at 11,80%, while the 
lymphocyte population was found at 88,20% (see Table 6). Further, the 
distribution of subfamilies of lymphocytes were determined by fluorescent 
labeling of the surface-specific antigens of the individual cells classes, namely 
CD3 for T cells, CD20 for B cells and CD56 for NK cells. As a double check, 
monocytes were fluorescently labeled with CD14+ (see Figure 52, panel B-D). In 
this, a total cell number of 20,000 was used for the percentual distribution of the 
subfamilies, resulting in 57,50% for T cells, 30,70% for B cells and 10,10% for NK 
cells (see Table 6). Now, PBMCs from the same donor were analyzed using the 
developed nanowire impedance sensor platform. Here, only 5µl of PBMC solution 
was needed to fully characterize the PBMC percentual composition. As before, 
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the PBMC solution was guided to the sensing geometry using the 2D 
hydrodynamic focusing system at the same flow and electrical parameters (see 
Chapter 5.11). Here, the scatter plot representation of the data peak pairs ΔVout 
and ΔPhase can be seen on the following figure, panel A. In the plot, two main 
 
Figure 52: Detection and classification of PBMC subpopulations using conventional flow 
cytometry. Flow cytometry forward (FSC) and side scattering (SSC) plot of the 
population. The data clearly showed the presence of monocyte population (blue) and 
lymphocyte population (red). (B) Surface protein fluorescent marking of CD3+ for 
identification of T cells and (C) CD20+ for B cells, CD56+ for NK cells and (D) CD14+ for 
monocytes. Based on these plots, the percentual composition of the sample could be 
determined (see Table 6). 
cluster could be observed, where one cluster (right side) is separated into three 
sub-clusters (see Figure 53, panel A). Based on the knowledge, that monocytes 
are larger than lymphocytes in total, and could cause higher signal peaks, the 
cluster was classified as the monocyte populations. This assumption was verified 
by the percentage analysis of the population. In this, the monocyte cluster had a 
percentage of 9.84% while the other cluster (now referred as the lymphocyte 
cluster) was found to be at 90.16% (see Table 6). This finding strongly 
strengthens the applied classification of monocyte and lymphocyte sub-
populations. Further, a more detail analysis of the lymphocyte cluster was carried 
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Table 6: PBMC subfamily distribution measurement, calculated for conventional flow 
cytometry and the nanocytometer 
Cell Type Monocytes Lymphocytes T cells B cells 
NK 
cells 
Flow 
cytometer 
11,80% 88,20% 57,50% 30,70% 10,10% 
Nanocytometer 9,84% 90,16% 62,31% 31,34% 7,34% 
 
out. Here, three sub-clusters could be distinguished with percentage values of 
7.34% (red), 62.31% (purple) and 31.34% (green) (see Figure 53, panel B). With 
the aid of these values, the sub-clusters could be identified to their respective 
lymphocyte cells by comparison with the values obtained from flow cytometry: 
Slightly bigger NK cells with the lowest percentage (red), T cells with the highest 
abundance (purple) and B cells at intermediate abundance (green). Taken these 
two parameters into consideration, cell size and percentage, the peak pair cluster 
could be successfully classified, completely defining the analyzed sample. 
 
Figure 53: Detection and classification of PBMC subpopulations: (A) Impedance 
cytometry data for whole analysis of PBMCs. Two main clusters could be identified: 
monocyte population (left side) and lymphocyte population (right side). Additionally, the 
lymphocyte cluster showed three sub-clusters, referring to the NK cell (red), T cell 
(purple) and B cell (green) populations (B) Percentage analysis of the cluster for correct 
classification of the clusters. The measured percentage values were in good agreement. 
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5.12.3 PBMC Long-time detection 
In total, the experimental sample measuring span could be increased up to 
several hours without damaging the device. On the following figure, a complete 
typical measurement for PBMCs from the healthy donor from the previous 
chapter can be seen. Here, the complete measurement of ΔVout of healthy human 
PBMCs were detected at 500 kHz with a sensing area of 506 µm² with an 
amplitude of 0.5V over a time span of 25 minutes. In this, over 4000 cells could 
be detected with a rate of 2.6 cells per second using a flow rate of 1 µl/min, thus 
25µl of analyzed sample volume. The individual subpopulations could be clearly 
identified, namely NK cells (yellow), T cells (pink) and B cells (red) and monocytes 
(orange) (see Inset). The supposedly decrease of the noise during the 
measurement (starting at approximately 12 minutes) is due to the lowering 
concentration of PBMCs in the channel as the sample liquid was pushed through 
the channel. This effect could be attributed by sticking of cells to the inner part of 
the teflon tubes. 
 
Figure 54: Long-time experiment of PBMCs from a healthy donor at 500 kHz and 0.5 V. 
Subpopulations could be clearly identified over the whole time span (see Inset). In total, 
over 4000 cells could be detected and classified at a detection rate of 2.6 cells per 
second. 
 
 
 
5.   Impedance-based flow cytometer on a chip 
106 
 
5.13 Detection of acute myeloid leukemia by impedance 
cytometry 
5.13.1 Manual analysis of the output response 
In this section, the capability of the developed platform for disease diagnostic is 
demonstrated. Here, PBMC populations can be utilized for detection of various 
diseases, e.g. acute myeloid leukemia (AML). In this type of cancer, patient suffer 
from a high percentage of leukocytes in their blood, which population is highly 
probed with undifferentiated stem cell progenitors of monocytes and 
granulocytes, the myeloblasts. The cancerous myeloblasts are circulating in the 
blood with a very high dividing rate, influencing the composition of both whole 
blood and PBMCs153. Therefore, impedance analysis is an adequate tool for 
identification of the different compositions from healthy donors and patients, who 
suffer from leukemia. In this, PBMCs were isolated from healthy human donors 
and patients, where AML was diagnosed. Further, the composition, based on the 
knowledge from the previous paragraph, was analyzed. For healthy donors, the 
composition of PBMC subpopulations showed the same trend as before with two 
main clusters, monocyte and lymphocyte clusters, at the correct percentage 
values: Monocytes 18.57%, lymphocytes 81.42%, T cells 60.74%, B cells 25.51% 
and NK cells 13.75% (see Figure 55, panel A and Table 7). In contrast, the PBMC 
analysis for a leukemia donor showed lower abundance of lymphocytes at 
38.86%, while the population of monocytes is increased to 29.62% (see Figure 
55, panel B and Table 7).  
Table 7: Leukocyte distribution differences between healthy human PBMCs and AML-
infected PBMCs 
 
The increase of monocytes and decrease of lymphocytes are in agreement with 
the disease picture of AML. Additionally, a newly formed cluster could be found, 
Cell 
type 
Mono-
cytes 
Lympho-
cytes 
T cells B cells 
NK 
cells 
Myeloblasts 
Healthy 
donor 
18,57% 81,42% 60,74% 25,51% 13,75% 0% 
AML 
patient 
29,62% 38,86% 61,53% 21,30% 17,17% 31,52% 
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located close to the monocyte cluster (black data point points). By percentage 
analysis, this cluster was found to be at 31.52%. Defined by the World Health 
Organization (WHO) AML is classified by a myeloblast percentage starting from 
20%223. Based on the correct percentage of the myeloblasts, as well as the close 
relation to monocytes since they represent their progenitor, the cluster was 
classified as the myeloblast cluster. In conclusion, a clear difference between 
healthy human donor PBMC and AML patient could be successfully 
demonstrated. Therefore, the developed sensor platform is suitable to serve a 
point-of-care diagnostic tool for easy and fast screening of PBMCs and their 
related diseases. 
 
Figure 55: Comparison between healthy human and AML PBMC subpopulations. (A) 
Healthy human donor PBMC sub-population demonstrate the correct trend of cell type 
abundance: Monocytes (blue), NK cells (red), T cells (purple) and B cells (green). (B) In 
AML patient PBMCs, the lymphocyte percentage is decreased while the percentage of 
monocytes is increased. Additionally, a new cluster could be found (black data points), 
demonstrating the abundance of myeloblasts in the PBMC sample. 
5.13.2 Learning algorithm for automatic cell classification 
Finally, in order to accelerate the data analysis and to open the route towards an 
automatic analysis of the collected response data, a learning algorithm for 
automatic cell classification was developed. In contrast to manual analysis, the 
application of an automated cell classification strategy greatly improves the data 
throughput granting huge time savings as well as unbiased and more precise cell 
classification. In recent years, successful application of automated classification 
of biological detection has been demonstrated, greatly improving the 
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performance of biosensors with respect to data processing224–227. In this, the 
same response data of the sensor from the previous chapter for healthy and AML 
PBMCs was used in order to compare the results from automatic and manual 
treatment of the data. Here, the developed algorithm for automatic output 
clustering could be divided into 5 subparts. In the following, an overview of the 
individual steps can be seen. Firstly, the signal profile was approximated using a 
smoothing spline: 
∑(𝑌𝑖 − 𝜇(𝑥𝑖))
2
+  𝜆 ∫ 𝜇′′(𝑥)2𝑑𝑥 
𝑥𝑛
𝑥1
𝑛
𝑖=1
(19) 
The application of this spline minimizes approximation errors leading to an 
evaluation of the true signal baseline, followed by its subtraction from the raw 
signal. Following, peak signals from both signals (ΔVout and ΔPhase) were 
detected simultaneously by application of an outlier analysis in the interquartile 
range from Q1 of 25% to Q3 of 75% percentile: 
𝐼𝑄𝑅 = 𝑄3 − 𝑄1 (20) 
Here, the peaks were considered as deviations from the baseline and the range 
definition gave rise to exclude outliers and set the minimum height of true cell 
detections. Subsequently, the data was filtered towards false positive cell 
detection due to multiple neighboring peaks. Here, only the highest peak value 
was taken into consideration. Following, isolation forest algorithm228 was utilized 
for discarding outliers from obtained peak spaces. Finally, K-means clustering229 
strategy was used for classification of the data peak pairs into clusters for 
determination of their mean, standard deviation and distribution characteristics. 
By this analysis, automatic differentiation of PBMCs from healthy donors and AML 
patients became possible (see Figure 56). Here, the data treatment allowed 
clustering of the individual color codes, which classify further detection events 
and can be utilized as a classification map for samples with unknown PBMC 
composition. In this, these maps reflect differences in the PBMC composition and 
can be utilized for detection of various diseases which influence percentual 
differences or occurrence of new cells in the PBMC composition. In conclusion, 
this strategy opens the path towards a multiplexed analysis of various white blood 
cell related diseases by automatic pattern recognition and creation of a library at 
low-computational effort. 
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Figure 56: Application of the learning algorithm for automatic cell signal detection and 
classification. Here, PBMCs from healthy donors and AML-patients revealed differences 
in their percentual composition as well as the occurrence of myeloblasts in AML. Based 
on the creation of a color classification map, a map library for easy identification of 
various white blood cell diseases became possible. 
5.14 Exploring the detection limit of the device 
Till today, there are no findings on the detection and classification on unlabeled 
bacteria was observed in the field of impedance cytometry. Since the developed 
platform showed excellent sensitivity to the phenotype of organic and inorganic 
analyte, the sensor was tested for various microorganisms in order to explore the 
detection limit. Here, the sensor area was decreased to a sensing area of 46 µm² 
(one pair of nanowire electrodes) for enhanced sensitivity for smaller objects at a 
frequency of 500 kHz at 0.5 V, since bigger sensing areas did not show any 
sensitivity towards these small objects. In the following, four bacterial species 
were independently detected and classified. The used bacteria strains and their 
properties can be seen in the following table. In this, the various strains 
demonstrated only small differences in their sizes, phenotypes and gram staining 
and are adequate to explore the detection limit of the device. The resulting peak 
pair signals can be seen on the following figure. In this, differences in the pairs 
could be observed for the different strains. For two rod-shaped bacteria, b. subtilis 
(green) and e. coli, an L-shaped data cloud could be observed (see Figure 57). 
This effect is due to the different orientation of single bacterial cells as they pass 
sensor, since non-spherical objects cause alterations in their detection signal in 
EIC, depending on their orientation as they pass the sensor230. Here, the signal 
the of the two bacteria was overlapping, since they showed similar sizes (see 
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Table 8: Bacteria strains used in impedance cytometry and their properties 
 
Table 8). Additionally, various stages in the development of bacteria influence the 
signal, in detail maturation of the bacteria or cell division state. For round-shaped 
bacteria, s. ureae, the L-shape could not be observed, but a rather big cluster 
compared to its overall size. This can be explained by the 
 
Figure 57: Detection of various bacterial strains using the developed sensor platform. 
The device shows sensitivity towards the phenotype of the analyzed bacteria. Rod-
shaped bacteria, b. subtilis and e. coli, demonstrated L-shaped cluster formation due to 
their different orientation when they pass the sensor. Coccus-shaped bacteria, s. ureae, 
on the other hand, showed a round-like and large cluster due to their roundish shape 
and their ability to form clusters of up to 9 independent cells. Rod-shaped l. sphaericus 
did not show the same trend as the other rod-shaped bacteria with a rectangular shape 
with high deviation in amplitude but nearly not deviation in the phase. Further 
investigations have to be made to understand this behavior. 
Bacteria strain Phenotype Size Gram stain 
Bacillus subtilis rod-shaped 
4-10 µm x 0.25-1 
µm 
gram+ 
Escherichia coli rod-shaped 2 µm x 0.25-1 µm gram- 
Lysinibacillus 
sphaericus 
rod-shaped 
 
1-5 µm x 0.6-1 
µm 
 
gram+ 
 
Sporosarcina 
ureae 
coccus 
 
1 - 2,5 µm 
 
gram+ 
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characteristic of s. ureae to form clusters of up to 9 single cells231. Thus, the 
resulting cluster showed a round-like and large cluster. Lastly, rod-shaped l. 
sphaericus showed no characteristic L-shape appearance of the cluster, but a 
rectangular cluster with nearly no deviation in the phase signal and large 
alteration in the amplitude signal. Till now, this trend cannot be explained and 
further investigations in this directions have to be made. In conclusion, the spirit 
of this experiment was to demonstrate the detection limit of the device showing 
sensitivity towards various bacterial strains. In order to improve the sensitivity of 
the device on the lower micron-scale, optimizations in both microfluidics and 
sensor geometry have to be examined. 
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6.   Summary and outlook 
The presented work focused on the microfluidic integration of nanosensing 
elements in the spirit of biosensing applications. Here, the conjunction of these 
elements and their microfluidic integration grants analyte delivery and protection 
from outer influences on one platform and is essential for transportable point-of-
care devices. The utilized microfluidic channels were modified for additional 
functionalities aside from analyte delivery, namely the introduction of isolated 
aqueous droplets in a carrier stream and analyte focusing in two dimensions. 
In the first part of the work, microfluidic droplets were detected using SiNW 
technology based on a pure electrical sensing of their chemical environment. Till 
now, microfluidic droplet detection is mainly based on optical imaging methods, 
e.g. by microscope analysis or fluorescent imaging. Thus, bulky devices are 
needed for signal readout in droplet microfluidics which makes the platform non-
transportable, has to be operated by trained personnel and requires expensive 
labeling molecules which may also alter the original signal. For the first time, 
electrical sensing of microfluidic droplets was demonstrated which directly 
sensed the chemical environment of them, based on the inner electrical 
conductance of the liquid as well as its pH value and ionic concentration. Further, 
time-depending changes of the composition of passing droplets were 
successfully observed. This opens a new route towards a new detection scheme 
for microfluidic droplets without the use of indirect fluorescent detection and can 
greatly minimize the need for bulky equipment, essential for a transportable point-
of-care diagnostic platform. Further, droplet microfluidics offers the possibility to 
separate the sample into nanoliters compartments, allowing a broad range of 
analytical assays. For instance, conventional conductance and pH value 
measurements, for which big volumes (tens of milliliters) are needed till now, can 
be also carried out in the nanoliter regime, especially beneficial for analysis of 
expensive and valuable liquid samples. Further, the developed platform can be 
utilized in biological or pharmaceutical assays by applying a concentration 
gradient among an isolated droplet array, probed with microorganisms. Since 
bacteria cause a decrease of the pH value in their environment, the critical 
concentration of inhibition of the tested drug, molecule or antibiotic can be 
evaluated by tracking the pH value of passing droplets over the FET. Finally, even 
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minor changes of the ionic concentration of pH value changes can be tracked 
more precise in the nanoliter regime, compared to macro-volumes. Here, the next 
optimization step is the down-scaling of the peripheral devices, namely the probe 
station setup and the sourcemeter, and the multiplexed connection of several FET 
structures. These steps can be combined by integration of the FET-chip on a SD-
card connected to a small readout device, which is controlled and powered by an 
USB connection, directly to the computer. This device has been already realized 
in our chair, but has not yet been utilized with droplet microfluidics.  
In the second part of the work, the first chip for impedance cytometry detection 
using nanostructured materials as sensing geometry was fabricated, 
characterized and utilized as measurement platform for differentiation of PBMC 
cells of healthy humans and AML patients. The utilization of nanostructures 
greatly improves the sensitivity of the device towards analytes which come into 
the field of influence of their electric field. Here, the laboratory steps from the idea 
to the finalized sensor platform were described. During this process, the 
dependency of the signal-to-noise ratio and sensitivity on the sensing area could 
be successfully described, i.e. smaller sensing areas lead to higher signal 
strengths but also lead to higher noise. Without any special sample treatment, 
isolated PBMC cells were guided over the sensing structure and were 
differentiated based on their size. Additionally, conventional flow cytometry 
helped to identify the formed signal clusters to their respective cell type. The 
results of flow cytometry and impedance cytometry were in excellent agreement. 
Based on these findings, differentiation of PBMC cells from cancer patients could 
be identified for the first time using EIS. By application of a learning algorithm, 
which is capable to extract the data points from raw signal and identify and 
classify the clusters, the developed system was boosted the next level concerning 
data treatment protocols. The combination of the sensor and the learning 
algorithm opens the path for a transportable device for point-of-care diagnostic 
for detection of micron-sized objects in e.g. blood, saliva or urine. In order to 
achieve this goal, few optimizations of the device have to be made, e.g. the 
reduction of the influence of the contact pads on the electric field. This can be 
achieved by increasing the length of the nanowires, so that the contact pads are 
located outside of the microfluidic channel. Further, the stability of the nanowires 
has to be improved since they are not very robust; a thin oxide protecting layer 
6.   Summary and outlook 
115 
 
on top of the electronic structure, deposited by e.g. atomic layer deposition (ALD), 
can be utilized for this purpose. This platform offers the possibility to further 
increase the density of sensors on the substrate. Like in the previous part, 
multiplexed analysis of single samples at different frequencies to probe various 
parameters of the medium or even analysis of multiple liquid samples at once. In 
this, double detection of the same analyte at different frequencies can be utilized 
for extraction of the membrane characteristics without the influence of the its size. 
Further, the learning algorithm can be further trained via deep learning methods 
to recognize specific patterns of scatter data for various (non-)biological samples 
accompanied diseases or contaminations. The generation, learning and 
recognition of the scatter plot patterns formed by the various samples would lead 
to higher impacts in e.g. biomedical assays and test, contamination testing in e.g. 
wastewater analysis or biological applications like differentiation assays in stem 
cells development. 
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